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NOMENCLATURE 


^(P) 

F, 

F„ 

ho 


h-r 


Area  of  orifice  plale  (Equation  C.2a) 

Wetted  area  of  mixing  tube  (in  Equation  C.26) 

Nozzle  aspect  ratio,  Wc  / He 

Speed  of  sound  (or  defined  constants,  see  “Others"  below) 

Specific  heat  at  constant  pressure 
Turbulent  wall  friction  coefficient 
Orifice-plate  discharge  coefficient  (Equations  C.2a  and  C.2c) 

Pressure  coefficient 
Diameter 

Hydraulic  diameter  of  mixing  tube 
Flow  function  (Equation  C.20) 

Frequency 

Constant  (Equation  C.2c) 

I / d,  (Equation  C.2c) 

Impulse  function  (Equation  C.42) 

Impulse  function  at  mixing-tube  exit  (Equations  C.40  and  C.4I) 

Function  of  p (Equation  C.2d) 

Friction  force  in  the  x direction  (Equations  C.26  and  C.28) 

Net  force  in  the  x direction  (Equations  C.l  lb,  C.2I,  C.25,  and  C.26) 
Stagnation  or  total  enthalpy  (Equation  C.14,  C.22) 

Amplitude  of  cosine-shaped  wall  (also  enthalpy.  Equations  C.I  Ic  and  C.I4) 
Height  of  reference  manometer  column  (Equation  C.l) 

Height  of  manometer  column  (Equation  C.  1 ) 


H 

H_. 

H..*. 


Wr. 


M 

Mc 

M, 

Mw 


Q 


R 

R'd. 

Red 

K 

SMEE 


- Height 

- Exit  height  of  the  primary  nozzle  investigated 

- Throat  height  of  the  primary  nozzle  investigated 

- Constant  in  Prandtl's  eddy  viscosity  (Equation  2.1) 

- Wave  length  of  cosine-shaped  wall 

- Cell  spacing  in  underexpanded  jet 

- Mean  vortex  spacing  in  shear  layers 

- Length  of  mixing  tube 

- Mass  flow  rate 

- Mach  number 

- Convective  Mach  number 

- Relative  Mach  number 

- Molecular  weight 

- Constant  in  power  of  spanwisc  velocity  profile  (Equations  5. 10) 

- Stagnation  or  total  pressure 

- Reference  pressure  for  manometer  (Equation  C.  I ) 

- Static  pressure  (also  side-wall  pressure  measurement.  Equation  C.  1 ) 

- Input  heat  rate  (Equation  C.  I lc) 

- Velocity  ratio.  V2  / V, 

- Overall  pressure  ratio  P0  / 

- The  plenum  total-to-exit  static  pressure  ratio,  P0  / P,  (Equations  C.6  and  C.8) 

- Reynolds  number  based  on  the  mixing-tube  hydraulic  diameter 

- Reynolds  number  based  on  the  pipe  diameter  d,  (Equation  C.2c) 

- Density  ratio,  p2/p, 

- Stagnation  Momentum  Exchange  Effectiveness 

- Temperature 

- Stagnation  or  total  temperature 

- Velocity  component  in  the  x direction 


lion  3 (Equation  C.27) 


- Convective  velocity 

- Average  velocity  at  the  edge  of  boundary  layer  at  slat 

- Uncertainty  of  any  property  X 

- Width  (e.g.  width  of  nozzle,  secondary  stream,  mixing-tube,  etc.) 

- Shaft  work  (Equation  C.  1 1c) 

- Streamwise  coordinate  of  flow  field  (see  Figure  3.1) 

- Transverse  coordinate  of  flow  field  (see  Figure  3.1) 

- Orifice-plate  expansion  factor  (Equations  C.2a  and  C.2b) 

- Spanwisc  coordinate  of  flow  field  (see  Figure  3.1) 


- Mach  angle 

- Skewness  of  mass  flux  or  first  moment  (Equation  C.23c) 

- Skewness  of  momentum  flux  or  second  moment  (Equation  C.23d) 

- Skewness  of  energy  flux  or  third  moment  (Equation  C.23e) 

- Diameter  ratio  of  orifice  plate,  dj  / d,  (Equations  C.2a,  C.2b,  C.2c,  and  C.2d) 

- Local  thickness  of  compressible  shear  layer 

- Compressible  shear-layer  growth  rale 

- Local  thickness  of  incompressible  shear  layer 

- Incompressible  shear-layer  growth  rate 

- Local  vorticity  thickness  of  shear  layer 

- Shear-layer  growth  rate  based  on  vorticity  thickness  of  shear  layer 

- Change  in  quantity,  or  finite  quantity 

- Empirical  constant  in  incompressible  growth  rate  (Equations  2. 1 1 and  2. 1 2) 

- Skewness  of  temperature  at  mixing-tube  exit  (Equation  C.23f) 

- Thrust  augmentation 

- Specific  heat  ratio 

- Transverse  similarity  coordinate  or  similarity  variable 

- Initial  momentum  thickness  of  the  boundary  layer 


Velocity  parameter  (Equations  2.2c),  or  sound  wavelength 

Turbulent  eddy  viscosity 

Defined  constant  in  friction  term  (Equation  C.29) 

Normalized  pitol-piessure 

Constant  in  similarity  coordinate  q (or  spreading  parameter,  Equation  2.2b) 

o for  V2  / V,  = 0 

Width  of  plume 

Growth  rate  of  plume 

Stream  function 


Description 

Pertaining  to  primary  (or  faster)  stream,  or  at  primary  exit  plane 
Pertaining  to  secondary  (or  slower)  stream,  or  at  secondary  exit  plane 
Pertaining  to  flow  at  mixing-tube  exit,  or  at  mixing-tube  exit  plane 
At  outer  edge  of  shear  layer  (traditional  definition) 

At  outer  edge  of  shear  layer  and  plume  (new  definition) 

At  inner  edge  of  shear  layer  (traditional  definition) 

Regions  in  an  ideal  underexpanded  primary  core  (Figure  4.7) 

Upper  secondary  (on  positive  y side  of  primary) 

Pertaining  to  ambient  conditions 

Lower  secondary  (on  negative  y side  of  primary) 

Critical  value  at  M = 1 

Design 

Exit 

Fully  expanded  condition 
Fundamental  or  first  harmonic 


: second  harmonic  or  firsl  i 


h i - Harmonic  i (i  = 2,...  5;  i = 2 

j - Area-elemenl  counter  in  the  transverse  direction  (Figure  5.22) 

k - Area-element  counter  in  the  spanwise  direction  (Figure  5.22) 

max  - Maximum  quantity 

min  - Minimum  quantity 

01  - Pertaining  to  a condition  upstream  of  the  orifice  plate  (Equation  C.2a) 

02  - Pertaining  to  a condition  at  the  orifice  plaie  (Equation  C.2a) 


- Denoting  free-sti 


outside  the  shear  layer 


Description 

- Conversion  factor.  Equation  C.  I (also  speed  of  sound  of  stream  I ) 

- ^2Mwy  /(R0T0(y-  1))  Ae . Equation  C.6  (also  speed  of  sound  of  stream  2) 

- (Y-O/Y  (Equation  C.6) 

- (y+1)/(2y)  (Equation  C.6) 

- (y  - 1 ) / 2 (Equation  C.8) 

- Barred  quantities  denote  area-average  at  mixing-tube  exit 
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An  experimental  investigation  was  conducted  to  study  the  effect  of  primary  jet 
underexpansion  on  the  flow-field  development  and  performance  of  a low-entrainment  ratio, 
constant-area,  two-dimensional  ejector.  In  the  flows  investigated,  both  the  primary  and 
secondary  streams  were  unheated  air  and  had  nominal  Mach  numbers  M,  = 1.80  and 
M;  = 0.3S,  respectively.  The  primary  supply  pressure  was  varied  among  the  test  cases, 
resulting  in  primary-to-secondary  exit  static-pressure  ratios  between  1 .0  (ideally  expanded) 
and  1 .7.  The  secondary  exit  static  pressure  was  approximately  34.5  kPa  in  all  test  cases. 

Pitot-pressure,  side-wall  static  pressure,  and  acoustic  emissions  were  measured  at 
several  axial  locations  along  the  mixing  tube.  These  measurements  were  complemented  with 
Schlieren  visualization.  The  test  results  were  used  to  characterize  shear-layer  development 
in  the  region  before  the  frec-slreams  are  completely  entrained--the  near  field.  The  ejector 


1 on  complete 


performance  based  on  flow  measurements  was  compared  to  a reference  based 

In  the  ideally  expanded  flow  case  the  shear  layers  closely  resemble  those  in  planar, 
constant-pressure  two-stream  flows:  they  have  uniform  boundaries  and  similar  growth  rates. 
The  shear  layers  in  the  underexpanded  cases  have  a zigzag  shape,  as  they  adapt  to  the 
expansion  and  contraction  of  the  core.  At  high  underexpansion,  the  shear  layers  are  pushed 
far  into  the  secondary  free-stream.  However,  despite  the  substantial  differences  in  local  flow 

High-intensity,  narrow-band  screech  was  detected  in  the  near  field  of  most 
underexpanded  flow  cases.  Peak  screech  intensities  occurred  at  an  exit  static-pressure  ratio 
of  1.27,  reaching  sound  pressure  levels  of  153  db  and  exhibiting  a fundamental  frequency 
Opi  = 3.0  kHz)  and  up  to  four  higher  harmonics. 

Performance  was  always  lower  than  the  ideal  no-loss  prediction,  and  in  general 
decreased  with  increasing  undcrexpansion  due  to  lower  entrainment  ratios  and  more 
incomplete  mixing.  However,  mixing  was  enhanced  in  the  case  with  peak  screech 
intensities,  resulting  in  mixing-tube  average  exit  properties  that  were  closer  to  the  fully 
mixed  predictions  and  relatively  better  ejector  performance. 

The  near-field  supersonic-core  boundaries  were  found  for  all  cases,  and  the  results 
fit  well  within  the  flow-field  characterization. 


CHAPTER  1 
INTRODUCTION 


century.  The  interest  in  these  devices  is  due  to  their  potential  to  perform  fluid  work  in  a wide 
array  of  applications,  and  to  do  so  in  a simple,  maintenance-free,  and  cost  effective  fashion. 
The  ability  of  an  ejector  to  do  work  stems  from  the  fact  that  when  a fluid  jet-the  primary-is 
discharged  in  to  a duct,  it  entrains  or  draws  with  it  fluid — the  sccondary-from  the  immediate 
surrounding.  There  arc  several  consequences  to  this  process  which  include  (a)  the  removal 
of  fluid  from  the  surroundings,  (b)  an  increase  in  pressure  (momentum)  of  the  entrained 
fluid,  and  (c)  an  increase  in  the  rate  of  linear  momentum  flux  over  that  of  the  primary  jet 

Ejectors  have  been  of  recent  interest  in  the  aircraft  industry  where  they  have  been 
considered  for  thrust  augmentation  in  vertical  and  short  take-off  landing  (V/STOL)  aircraft 
(Bevilangua  1974:  Quinn.  1973;  Nagaraja,  1 973),  and  for  cooling  (Federspiel  and  Kuchar, 
1988;  Luffy  and  Hamed.  1992)  and  noise  reduction  (Long,  1992)  in  jet-engine  exhaust 
systems.  Other  applications  hove  included  fluid  extraction  such  as  for  removal  of  gas  vapor 
from  storage  tanks  (Dutton  and  Carroll,  1983),  and  pumping  of  the  fuel  and  oxidant  in 
chemical  lasers  (Dutton  et  al„  1982). 

Even  though  ejectors  rank  among  the  simplest  fluid-flow  devices,  their  flow  fields 
are  rather  complex  and  offer  significant  challenges  insofar  as  analysis  is  concerned.  A 
representation  of  a typical  constant-area  supersonic/subsonic  ejector  flow  is  shown  in 


Figure  1.1.  These  mixing  flc 


all  of  which  play  a major  role  on  the  ejector  performance.  Among  these  regions,  the  shear 
layers  between  the  primary  and  the  secondary  streams  are  of  much  interest,  for  it  is  in  here 
where  the  initial  transport  and  exchange  processes  between  the  two  streams  takes  place.  The 
shear  layets  develop  in  the  initial  region  where  portions  of  both  the  primary  and  secondary 
streams  continue  to  coexist.  This  region  is  defined  here  as  the  near  field  and  is  the  subject 
of  much  of  this  investigation.  In  Figure  1 . 1 the  near  field  thus  corresponds  to  the  flow  region 
between  x0  and  x,. 

The  mixing  process  continues  in  the  mixed-flow  region,  which  begins  where  the 
primary  and  secondary  have  been  completely  entrained  by  the  shear  layers  (x,  in  Figure  1.1). 
The  extent  of  mixing  at  the  end  of  the  shroud  or  mixing  tube  has  a direct  impact  on  the 
overall  performance  of  the  ejector,  as  does  the  length  of  tube  necessary  to  achieve  the 
mixing.  The  main  effect  of  the  boundary  layers  is  to  degrade  performance  through  friction 
losses.  The  geometry  of  the  mixing  tube,  the  primary  and  secondary  inlets,  and  any  diffuser 
included  at  the  exit  are  also  known  to  play  important  roles  in  the  performance  of  an  ejector. 

Traditionally,  ejector  flows  have  been  analyzed  using  the  conservation  equations  and 
a control-volume  approach.  Frequently,  the  analysis  has  been  simplified  by  treating  the  flow 
as  inviscid  and  one-dimensional.  These  formulations  are  attractive  from  a mathematical 
simplicity  standpoint,  but  usually  predict  performance  far  superior  to  that  measured  in  the 
laboratory.  In  some  cases  more  sophisticated  analyses  have  been  employed,  in  which 
nonideal  effect  such  as  viscous  dissipation  and  incomplete  mixing  are  taken  into  account  by 
utilizing  various  semi-empirical  models  and  have  resulted  in  considerably  belter  agreement 
with  experimental  data.  However,  their  value  as  design  tools  is  limited  because  the  models 


often  fail 
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geometries. 

One  of  the  main  challenges  encountered  in  the  analysis  and  design  of  ejectors  is  that 
of  finding  a suitable  mixing  length  or.  more  specifically,  determining  the  geometry  of  the 
mixing  tube.  The  inability  of  most  (if  not  all)  existing  ejector  analyses  to  accurately  provide 
this  information  represents  one  of  the  primary  voids  in  ejector  theory. 

The  growth  rate  of  the  turbulent  shear  layers  between  collowing  streams,  whether  in 
ejectors  or  other  types  of  shear  flows,  is  a useful  indicator  of  how  fast  the  streams  mix.  For 
this  reason,  shear  layers  have  received  much  attention  during  the  last  three  decades.  Recent 
interest  in  ramjet  technology  sparked  numerous  efforts  to  investigate  shear  layers  of  very 
high  Reynolds  number  flows  (Dimotakis,  1989;  Goebel  and  Dutton,  1990;  Papamoschou. 
1 986;  for  example).  These  investigations  were  motivated  by  earlier  studies  which  had  shown 
that  compressibility  appeared  to  inhibit  shear  layer  development,  and  a primary  objective 
was  to  isolate  the  effect  of  compressibility  on  growth  rates  and  turbulence. 

Most  studies  have  involved  two-stream  planar  mixing  layers  where  the  pressure  is 
purposely  kept  constant  and  pressure  waves  are  minimized  or  eliminated  through  careful 
design  of  the  experimental  apparatus.  In  ejectors,  on  the  other  hand,  the  pressure  typically 
varies  and  pressure  waves  are  practically  unavoidable  when  the  primary  flow  is  supersonic. 
Therefore,  the  ejector  shear  layers  arc  subject  to  different  boundary  conditions.  Further,  in 
most  practical  ejector  flows  one  stream  is  completely  entrained  before  the  other  (usually  the 
primaiy)  and,  therefore,  ejector  shear  layers  are  less  likely  to  be  characterized  by  a single 
growth  rate.  Only  a few  studies  can  be  found  which  consider  in  detail  ejector  shear  layers 
(Roan,  1993  and  1992;  Benjamin.  1994;  for  example). 


Perhaps  an  even  bigger  challenge  lhan  finding  (he  length  required  for  mixing  is 
finding  a length  which  also  minimizes  friction  and  results  in  a compact  design.  The  tradeoff 
between  better  mixing  and  increased  friction  is  well-known  to  ejector  designers.  To  optimize 
a design,  one  must  identify  the  length  beyond  which  gains  obtained  from  better  mixing  are 
curtailed  by  the  friction  losses  associated  with  the  additional  wetted  surface  (Quinn.  1973). 

A few  ejector  studies  have  shown  that  mixing  can  be  accelerated  by  operating  the 
primary  above  the  critical  pressure  (Hsia,  1984;  Quinn;  1976).  In  short  ejectors  the  faster 
mixing  thus  obtained  has  led  to  an  increase  in  performance  (Quinn  1976).  The  test  results 
suggest  that  the  faster  mixing  in  ejectors  is  provoked  by  aeroacoustic  interactions  similar  to 
those  responsible  for  increasing  the  spreading  rate  of  underexpanded  jets.  The  powerful 
discrete-like  acoustic  emissions  or  screech  generated  by  undcrexpanded  jets  have  been 
directly  linked  to  the  faster  dissipation  of  these  jets.  Powell  (1953a,  b)-the  first  one  to  study 
this  phenomenon-identified  a self-sustaining  acoustic  feedback  loop  as  the  mechanism 
responsible  for  the  increase  in  spreading  rate  of  these  jets.  The  available  data  shows  that  in 
ejectors  the  acoustic  feedback  loop  may  be  strongly  influenced  by  the  resonant  modes  of  the 

There  have  been  numerous  experimental  investigations,  at  least  matched  in  number 
by  analytical  studies,  to  characterize  the  flow  field  and  the  flow-generated  noise  in 
supersonic  jets  (Seiner  and  Yu.  1984;  Pao  and  Seiner.  1983:  Tam  and  Tanna,  1982;  Norum 
and  Seiner.  1982;  Haiper-Boume  and  Fisher.  1973;  for  example).  These  efforts  have  been 
motivated  primarily  by  the  need  to  understand  and  reduce  the  broadband  shock-associated 

axisymmetric  free  jets  (i.e  constant  boundary-pressure  flows). 


i the  study  of 


Progress  in  ejector  technology  largely  depends  on  being  able  to  accurately  analyze 
these  flows.  Even  the  most  sophisticated  shear-  and  jet-flow  analyses  available  today,  most 
or  all  of  which  are  zero-pressure  gradient,  fail  to  provide  accurate  representations  of  the 
viscous  regions.  This  type  of  representation  can  only  be  achieved  through  a full 
understanding  of  the  physical  processes  that  govern  these  flow  fields,  and  in  particular  the 

In  most  efforts  to  investigate  the  effects  of  primary  underexpansion  and  acoustic 
interactions  in  ejectors,  the  primary  objective  has  been  to  characterize  the  nature  of  these 

performance.  However,  no  attempts  have  been  made  to  characterize  in  detail  the  shear  layers 
and  the  flow  field,  with  the  exception  of  measurements  normally  obtained  at  the  mixing-tube 
exit.  Further,  to  the  author's  knowledge,  no  detailed  measurements  have  been  obtained  for 
two-dimensional  ejectors  with  supersonic  nozzles. 

As  a result  of  this  apparent  deficiency,  an  experimental  investigation  was  conducted 
to  characterize  in  detail  the  mean  flow  field  in  a two-dimensional  ejector.  For  this 
investigation,  the  primary  was  supplied  by  a Mach  1.8  contoured  nozzle,  and  supply 
pressures  were  selected  to  provide  for  cases  with  different  levels  of  primary  underexpansion. 
The  main  objectives  of  this  effort  were  to 

( 1 ) develop  and  implement  a suitable  experimental  test  facility. 

(2)  obtain  a detailed  database  for  a limited  number  of  flow  cases, 

(3)  characterize  the  shear  layer  development  for  cases  with  different  primary  pressures, 
particularly  in  the  near  field. 


(4) 


elopment  among  the  different  flov 
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(6)  compare  ihe  measured  and  prcdicled  ejector  performance,  and 

(7)  correlate  the  results  to  determine  what  conditions  can  lead  to  improved  ejector 
performance. 

To  accomplish  these  objectives,  a large  number  of  measurements  were  made  along  the  entire 
length  of  the  ejector  mixing  tube.  These  included  measurements  of  pitot-pressure  traverses, 
side-wall  pressures,  and  acoustic  emissions.  Continuous  light-souree  Schlieren  visualization 
was  also  implemented  to  provide  an  unambiguous  description  of  the  mean  flow  fields. 

These  included  experiments  to  (a)  determine  the  repeatability  of  the  measurements,  and 
(b)  characterize  and  quantify  the  intrusiveness  of  the  impact  pitot  probe. 


CHAPTER  2 
LITERATURE  SURVEY 


The  are  many  processes  which  can  individually  or  collectively  shape  the  flow  field 
and  affect  the  performance  of  any  ejector.  Among  those  which  have  greatest  impact  on  the 
flow  is  the  nature  of  the  mixing  of  the  primary  and  secondary  streams.  The  mixing  process 
is  initiated  in  the  turbulent  shear  layers  which  develop  between  the  two  streams.  The 
development  of  these  viscous  layers  depends  on  a large  array  of  variables,  including  the 
free-streams  flow  conditions  and  their  initial  turbulence  levels.  Shear-layer  development  can 
also  be  influenced  by  pressure  gradients  such  as  those  which  occur  in  ducted  flows  or  in 
flows  where  pressure  waves  are  present.  Similarly,  compressibility  effects  which  arise  from 
differences  in  density  or  temperature,  or  from  high  flow  Mach  number,  can  also  have  a 
significant  effect.  Shear  layers  have  been  studied  extensively  and  are  well  understood, 
although  most  studies  are  for  conditions  of  zero  pressure  gradient. 

Flow-generated  acoustic  emissions  can  also  play  an  important  role  in  the 
development  of  the  shear  layers.  These  emissions  originate  from  turbulent  eddies  and. 
therefore,  their  occurrence  in  the  flow  field  is  directly  related  to  the  nature  of  the  shear  layers. 
In  ejectors  where  the  primary  flow  is  supersonic,  the  appearance  of  pressure  waves  in  the 
flow  field  is  practically  unavoidable.  Further,  in  the  presence  of  strong  compression  waves 
(shocks),  strong  acoustic  emissions  can  also  result  from  the  interaction  of  turbulent  eddies 
with  these  shocks.  The  majority  of  such  studies  of  acoustic  interactions  provides  little  detail 


A survey  of  these  and  other  relevant  aspects  of  ejector  flows  is  presented  in  this 
chapter. 

2.1  Shear-Layer  Development 

Shear  layers  represent  one  of  the  most  extensively  treated  subjects  in  fluid  mechanics. 
Birch  and  Eggeis  (1973)  provide  an  extensive  review  of  the  early  experimental  studies  on 
subsonic  and  supersonic  shear  layers,  and  also  summarized  some  of  the  first  analytical 
solutions  obtained.  A survey  of  several  analytical  and  experimental  studies  on 
incompressible  and  compressible  shear  layers  is  presented  in  the  sections  below, 

2.1.1  Incompressible  Shear  Layer; 

incompressible  shear  layer.  One  such  solution  was  derived  by  Gortler  in  1942,  and  is 
discussed  by  Schlichting  (1979).  In  obtaining  this  solution.  Gdrtler  applied  the  usual 
boundary-layer  continuity  and  momentum  equations  to  a free  shear  layer,  and  introduced 
Prandtl's  kinematic  eddy  viscosity  (exchange  coefficient  hypothesis) 

v,  = VMV.-Vj  where  8„  = 6'(x-x0)  (2.1) 

to  model  the  Reynolds  stress.  He  then  transformed  the  equations  using  the  similarity  variable 
i)  = o y / x and  the  incompressible  stream  function 

f = »— !2  : F(i))  (2.2a) 

where  the  constants  o and  X are  given  by 

ifEfr 


(2.2b) 
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A = (2-2c) 

After  combining  the  transformed  equations  he  obtained  the  differential  equation 

F "'(>))  * 2oJF(i))F"(q)  = 0 (2.3a) 

which  he  then  solved  subject  to  the  boundary  conditions 

(1)  y = *“  (t|-«°)  - V=V,  (F'=l *X) 

(2)  y=-“  (11 — “)  - V=Vj  (F'=  1 - A.)  (2.3b) 

(3) y=0  (n-0)  - (F'=l) 

where  the  subscripts  1 and  2 refer  to  the  high  and  low  velocity  streams,  respectively.  GOttler 
obtained  the  following  series  solution 


In  this  result.  y„  is  the  transverse  distance  satisfying  the  third  boundaty  condition,  and  x0  is 
the  virtual  origin  of  the  shear  layer.  The  constants  o and  A (Equations  2.2b  and  2.2c)  are 
known  as  the  spreading  and  the  velocity  parameters,  respectively. 

Implied  in  Gonler's  solution  (Equation  2.3c)  is  that  the  shape  of  the  velocity  profile 
across  the  incompressible  shear  layer  is  self-preserving  and  similar,  irrespective  of 
stieamwise  position,  as  long  as  the  shear  layer  is  fully  developed  and  similar.  The 
incompressible  shear-layer  growth  rate  obtained  from  this  solution  is 

= o (2.4) 

Abramovich  (1963)  and  Sabin  (1965)  obtained  independently  the  same  expression 


for  the  constant  o.  Their  result  is 


(2.5) 


where  o0  is  the  value  ofoforV2/V,=0(i,c.forA  = 1).  Several  different  expressions  were 
obtained  by  others  for  the  expression  relating  o to  2 (Miles  and  Shih,  1968:  and  Yule.  1972; 
for  example).  However,  the  experimental  data  for  fully  developed,  homogeneous,  subsonic 
shear  layers  is  best  represented  by  Equation  2.5.  The  constant  o0  was  determined 
experimentally  by  several  investigators,  and  a value  of  1 1 seems  to  result  in  good  agreement 
with  the  data.  Equations  2.4  and  2.5  lead  to  the  well-known  result 

6^  « A or  6'  = const V|  V;  (2.6) 


2,1,2  Compressible  Shear  layers 

Although  G8rtler’s  solution  provided  a building  block  for  shear-layer  theory  and 
helped  explain  the  early  experimental  measurements,  it  failed  to  account  for  the  effect  of 
density  changes  encountered  in  heterogeneous  shear  layers.  Several  experimental  studies 
have  shown  that  homogeneous  and  heterogeneous  shear  layeis  having  similar  flow  velocities 
can  exhibit  different  frec-stream  entrainment  rates.  Among  these  studies  are  those  of  Konrad 
(1976),  Brown  (1974),  and  the  well-known  investigation  by  Brown  and  Roshko  (1974), 

Dimotakis  (1986)  derived  approximate  expressions  for  the  entrainment  and  growth 
rate  in  heterogeneous,  subsonic,  planar  mixing  layers,  from  considerations  regarding  the 

been  observed  experimentally  in  turbulent  shear  layers  (Dimotakis  and  Brown,  1976;  Brown 
and  Roshko,  1974;  Winant  and  Browand,  1974),  and  their  mean  local  vortex  spacing  appears 
to  be  a constant  of  the  flow. 


In  his  fomralalion.  Dimotakis  noted  that  a stagnation  point  exists  between  each 
vortex  pair  in  relation  to  a Galilean  frame  of  reference  moving  with  the  vortices  fas  proposed 
by  Coles.  1985),  and  that  the  flow  is  approximately  steady  along  a line  through  this  point. 

both  sides  of  the  shear  layer  and.  after  noting  that  pressure  is  approximately  constant  across 


(2-7) 


normalized  convective  velocity  Vc/  V,,  respectively. 

Dimotakis  argued  that  the  volumetric  induction  into  the  shear  layer  between  two 
contiguous  voniccs  is  proportional  to  the  product  of  the  local  induction  velocity  and  vortex 
spacing.  He  also  argued  that  the  shear-layer  growth  should  be  linear  in  time  and  equal  to  the 
growth  between  vortex  pairs.  Based  on  these  considerations  he  a developed  model  for  the 

mean  vortex  spacing  f,  (Koechesfahani  et  al..  1979) 


-1  = 3.9— 


(2.8) 


— = 0.17  — 


a 10) 
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~ " *(  1 *v^r) ( ' *'f*'  1 *2.9(l-0/(!  *r))  (211) 

In  Equation  2.1 1,  £ is  a proportionality  constant  introduced  to  match  the  predicted  results 
with  the  experimental  measurements.  For  homogeneous  shear  layers  (i.e.  s = 1 ) Equation 
2.1 1 reduces  to  GSrtler's  solution  (Equation  2.6.) 

Similar  expressions  have  been  developed  by  others  for  the  incompressible  growth 
rale.  Papamoschou  (1986)  assumed  that  the  growth  rate  is  proportional  to(V,- V2)/V  . 
After  introducing  the  convective  velocity  as  given  by  Equation  2,7,  Papamoschou  arrived  at 


6o  ..(l-r)(l^) 

x I *</*  r 


(2.12) 


Goebel  and  Dutton  (1990)  defined  the  velocity  parameter  as  X = (V,  - V2)  / (2VC) 
and  then  introduced  the  convective  velocity  given  by  Equation  2.7.  The  resulting  expression 
has  the  same  form  of  Equation  2.12,  and  differs  only  by  a factor  of  0.5. 

The  practical  value  of  all  these  expressions  depends  on  the  availability  of  a suitable 
proportionality  constant.  A survey  of  the  literature  quickly  reveals  that  there  are  almost  as 
many  different  reported  values  for  this  constant  as  there  are  studies.  To  this  extent  it  has 
been  argued  (Birch  and  Eggers;  1973)  that  the  discrepancies,  which  can  be  quite  large  in 
some  instances,  are  largely  due  to  the  lack  of  a standard  criteria  for  obtaining  growth  rate 
data.  In  many  instances  the  growth  rate  measurements  have  been  obtained  in  regions  where 
the  shear  layer  has  clearly  not  reached  fully  developed  conditions.  Bradshaw  (1966)  found 
that  for  a free-jet  shear  layer  the  distance  to  a fully  developed  condition  is  somewhere  in  the 


region  5000,  s»s  1000  6, , where  0,  is  the  initial  momentum  thickness  of  the  boundary 
layer  at  the  trailing  edge  of  the  splitter  plate.  This  criterion  has  been  widely  accepted  to  date. 

Birch  and  Eggers  state  that  the  problem  is  compounded  by  the  almost  unavoidable 
differences  in  the  initial  conditions  of  the  boundary  layer,  and  also  by  the  use  of  different 
definitions  of  shear  layer  thickness.  For  example,  Brown  and  Roshko  (1974)  estimated  the 
growth  rates  from  visual  measurements  of  the  spreading  rate, 6^,,  of  the  homogeneous  shear 
layers  (i.e  s = 1)  and  found  that  e = 0,38  for  a free  jet  (i.e-  X=  1),  or 


partly  explains  the  commonly  adopted  criteria  that  6^  = 0.56^,. 

Similarly,  in  an  effort  to  consolidate  his  results  with  others,  Papamoschou  ( 1986) 
estimated  that  6^,  = 0.86^,  (based  on  his  definition  of  pitot  thickness  6^.  He  combined  this 
approximation  with  Brown  and  Roshko's  results  and  obtained  t = 0.14  for  the  constant  in 
Equation  2. 1 1 , for  measurements  based  on  pitot  pressure  (this  result  is  adopted  in  the  present 
study  for  growth-rate  calculations  presented  in  Chapter  5). 

A different  type  of  density  effect  which  has  been  of  much  interest  for  its  implications 
on  gas-turbine  design  is  that  of  compressibility  due  to  high  Mach  numbers.  It  has  been 
known  for  some  time  that  the  growth  rate  of  a high-Mach  number  shear  layer  is  somewhat 
reduced  relative  to  a low-speed  shear  layer  having  similar  density  and  velocity  ratios.  This 
behavior  has  also  surfaced  stability  analyses  of  shear  layers  (Blumen,  1 970:  and  Blumen  et 
al„  1975).  Although  there  have  been  several  theoretical  and  experimental  studies  on  this 
subject,  there  is  little  agreement  on  how  to  best  predict  this  effect.  One  of  the  main  reasons 
for  the  limited  understanding  of  these  high-speed  flows  is  the  lack  of  experimental  data 


needed  lo  confirm  the  proposed  models.  To  i 


rest  facility  must  be  capable  of  supporting  the  use  of  dissimilar  gases  and  also  the  use  of 
heated  flows.  Such  facilities  present  considerable  design  challenges  based  on  complexity. 

Many  of  the  early  analytical  studies  on  the  effect  of  compressibility  used 
Howarth-Dorodnitsyn-type  transformations  to  convert  the  compressible  domain  into  the 
incompressible  one  for  which  the  solution  was  already  known.  Roan  (1966)  used  this 
approach  to  predict  the  velocity  profile  across  a two-stream  shear  layer  for  zero  and  small 
positive  and  negative  flow  angles  of  the  subsonic  stream.  He  obtained  good  agreement  with 
his  experimental  measurements.  While  this  approach  is  convenient  from  a mathematical 
standpoint  and  leads  to  reasonable  results,  it  does  not  separate  the  different  density 
effects-that  is,  effects  due  to  different  composition,  different  temperature,  and  Mach 


Despite  the  lack  of  a single  universally  accepted  theory,  most  agree  that  the 
Mach-number  compressibility  effect  on  growth  rale  is  a function  of  the  relative  convective 
velocity  or  convective  Mach  number  of  the  structures  in  the  shear  layer.  Brown  and  Roshko 
(1974)  estimated  that  the  growth  rale  for  a free-jet  shear  layer  depends  on  Mach  number 
according  to 


velocity,  and  the  mean  Mach  number  of  the  shear  layer,  respectively.  Bogdanoff  ( 1 983)  was 
perhaps  the  first  one  to  propose  the  convective  Mach  number  as  a correlation  parameter  for 


growih  rales.  Papamoschou  ( 1986)  measured  Ihe  growth  rales  of  heterogeneous,  high-Mach 
shear  layers  and  correlated  his  measurements  with  the  convective  Mach  number.  Using 
arguments  similar  to  those  used  by  Dimotakis  (1986),  he  found  the  convective  Mach  number 
of  the  structures  in  the  shear  layer  by  equating  total  pressures  at  the  assumed  stagnation  point 
between  vortices.  He  obtained 

(2-15) 


where  the  convective  Mach  numbers  are  defined  by 


(2.16) 


When  the  convective  Mach  numbers  are  not  very  large  and  the  specific  heal  ratios  are  not 
substantially  different,  and  the  pressure  across  the  shear  layer  is  approximately  constant. 
Equation  2.  IS  reduces  to 


V -iiaEv, 
c Ufi 

which  is  another  form  of  Equation  2.7.  In  the  special  i 


(2.17) 

• where  y,  = y2.  Equation  2.15 


(2.18) 


In  addition,  Papamoschou  hypothesized  that  the  growth  rate  of  compressible  shear  layers  i 


be  expressed  as 


6'  * f{r.s.Y2/Y,.McJ  (2.19) 

In  correlating  his  measurements  with  M,t.  he  normalized  the  measured  growth  rates  by  the 
those  predicted  by  Equation  2.12  for  the  corresponding  density  and  velocity  ratios;  thus  he 


calculated 


(2.20) 


F{r,s,Mc  =0} 

The  dependence  on  specific  heat  ratios  has  been  dropped  from  this  expression  because  it  is 
relatively  small.  He  found  that  the  data  collapsed  approximately  onto  one  curve,  despite  the 
significant  variation  in  density  ratios,  and  concluded  that  the  normalized  growth  rate  is  only 
a (unction  of  convective  Mach  number,  namely 

r'KI  tun 

Dimotakis  (1989)  suggests  that  th e normalized  growth  rate  is  represented  well  by  the 
function 

f{mcJ  = 0.2*0.8e:M<'  (2.22) 

A curve  fit  obtained  by  Benjamin  ( 1 990)  shows  that  a value  of  3 for  the  multiplier  of  the 
convective  Mach  number  represents  more  closely  the  available  data. 

levels  in  planar  two-stream  mixing  layers  using  Laser  Doppler  Velocimetry  (LDV).  They 


M, 


(2.23) 


to  correlate  normalized  growth  rates.  Their  results  exhibit  the  same  trend  observed  by 
Papamoschou  (1986).  The  main  difference  results  from  using  a different  constant  to  predict 
the  incompressible  growth  rate  (€  = 0.0823  instead  of  e =0.14,  in  Equation  2.12). 

There  are  considerably  fewer  experimental  studies  of  shear  layers  in  ejector  flow 
fields.  Among  the  few  lhatcan  be  found  are  those  of  Roan  et  al.  (1993  and  1992).  Roan  and 
his  coworkers  measured  the  growth  rates  of  shear  layers  in  the  initial  region  of  axisymmetric 


and  two-dimensional  ejector  flows.  They  considered  flows  with  similar  and  dissimilar 
primary  and  secondary  gases.  The  reducing  effect  of  compressibility  is  also  evident  from 
their  measurements  (Dufflocq  et  al.,  1993).  and  the  growth  rates  in  their  two-dimensional 
ejector  flows  are  similar  to  those  generally  reported  for  planar  constant-pressure  mixing 
layers.  Their  results  seem  to  indicate  that  the  axisymmetric  ejector  shear  layers  grow 
considerably  faster,  perhaps  twice  as  fast,  as  their  two-dimensional  counterparts.  However, 
it  is  difficult  to  make  an  absolute  comparison  from  their  measurements.  The  primary  flow 
in  the  two-dimensional  ejector  was  approximately  parallel  to  the  secondary  flow,  while  in 
the  axisymmetric  ejector  the  primary  flow  was  supplied  by  a conical  nozzle  and  thus  the  flow 
near  the  trailing  edge  was  inclined  relative  to  the  secondary. 

Benjamin  (1994)  conducted  a detailed  experimental  investigation  of  a perfectly 
expanded  ejector  flow  and  measured  turbulent  and  static  side-wall  pressures  as  well  as  pitot 
pressures.  He  measured  growth  rates  in  the  initial  region  of  the  flow  which  are  comparable 
to  those  in  constant-pressure  mixing  layers. 

2,2  Underexpanded  Flows:  Free  Jets  and  F.iecinrs 

The  acoustic  emissions  generated  by  supersonic  jets  and  their  interaction  with  the 
flow  field  have  been  the  subject  of  analytical  and  experimental  investigations  since  the 
I940's.  Traditionally,  most  investigations  have  been  motivated  by  the  desire  to  minimize  or 
reduce  unwanted  high-intensity  emissions  from  jet  engine  exhausts  (Dosanjh  et  al..  1969; 
Bishop  el  al.,  1971:  Norum.  1983;  for  example).  This  continues  to  be  an  area  of  main 


jets  can  have  a positive  effect  on  ejectors  in  terms  of  mixing  enhancement  and  overall 
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performance.  Naturally,  screech  emissions  may  be  undesirable  in  applications  where  the 
ejector  discharges  directly  into  unconfincd  surroundings,  such  as  in  V/STOL  aircraft. 
However,  in  situations  where  the  device  is  an  internal  component,  it  would  not  only  be 
feasible  but  also  desirable  to  exploit  any  acoustic  interaction  that  results  in  increased 
performance.  In  the  following  sections  some  of  the  most  prominent  studies  on  the  subject 
are  reviewed. 

That  sound  impinging  on  a laminar  jet  can  induce  a more  rapid  transition  to 
turbulence  was  observed  as  early  as  1935  by  Brown,  although  his  observations  involved  only 
external  sound  sources.  Powell  (1953a,  b)  was  perhaps  the  first  one  to  study  the  nature  of 
flow-generated  screech  and  explain  the  acroacoustic  interactions.  In  his  study  of 
underexpanded  free  jets  from  two-dimensional  and  axisymmetric  convergent  nozzles,  he 
observed  that  the  sound  from  these  jets  changed  considerably  as  the  nozzle  pressure  was 
raised  above  its  critical  value.  For  high  pressures  he  measured  strong  sound  waves  (perhaps 
of  up  to  165  db)  emanating  from  the  jet,  and  found  that  these  emisions  have  dominant 
near-discrete  frequencies,  unlike  the  aerodynamic  noise  normally  associated  with  turbulent 
jets  which  has  a more  continuous  spectrum. 

Powell  was  able  to  capture  the  sound  waves  in  still  Schlieren  images  and  observed 
that  they  originate  in  anti-phase  from  both  sides  of  the  jet  and  propagate  primarily  in  the 
upstream  direction.  He  also  found  that  turbulent  disturbances  appear  in  an  alternating 
anti-symmetric  pattern  on  cither  side  of  the  jet,  at  the  end  of  the  initial  laminar  region,  and 
observed  that  there  was  a noticeable  increase 


: in  the  angle  of  spread  of  the  jet. 


Powell  determined  lha 


frequencies,  XF, ; 


related  lo  the 


pressure  ratii 
of  (he  shock 


: pressure  of  the  jet,  and  follows  the  empirics 

J,  I 

[ 3^R-Ra  (axisymmetric 


(2-24) 

the  nozzle.  R is  the  overall 
: found  that  the  spacing  f fccM ) 


(2.25) 


and  that,  therefore,  the  wavelength  is  proportional  to  the  shock-cell  spacing. 

Using  geometrical  considerations,  Powell  (1953a)  suggested  a mechanism  whereby 
the  alternating  turbulent  disturbances  produce  sound  upon  their  interaction  with  the  shock 
waves  of  the  cellular  pattern.  Thus  several  sources  interact  to  form  a highly  directional 
sound  field,  in  which  the  strongest  emissions  propagate  upstream  and  have  a fundamental 
frequency  identical  lo  the  turbulent  disturbances  in  the  shear  layers  (the  fundamental 
frequency  is  given  by/F  = c / and  Equation  2.24).  The  upstream  traveling  sound  waves 
in  turn  impinge  upon  the  edge  of  the  initial  laminar  jet  boundary  and  introduce  new 
disturbances.  The  model  closely  explained  his  measurements  and  is  in  agreement  with 
theoretical  expressions  for  the  directionality  of  the  fundamental  frequency  and  the  first 
harmonic  in  a three-source  model,  Powell's  feedback  loop  is  represented  schematically  in 
Figure  2.1. 

In  the  case  of  the  axisymmetric  jet,  Powell  (1953b)  also  observed  that  at  some 
pressures,  the  dominant  frequencies  change  in  a discrete-like  fashion,  suddenly  increasing 


Figure  2, 1 Feedback  loop  for  acoustic  self-excitation  of  a shear  layer  in  a jet. 


e.  Powell  suggested  that  this  anomaly 


was  caused  by  the  changes  in  the  cellular  pattern. 

Similar  observations  were  made  by  Hammitt  (1961)  in  a jet  from  a two-dimensional 
convergent  nozzle.  Using  shadowgraph  visualization  he  observed  that  the  jet  oscillates  when 
it  is  underexpanded,  generating  semicircular  sound  waves  from  cither  side.  The  jet  also 
appeared  to  spread  more  rapidly.  Like  Powell,  he  found  that  the  frequency  of  the  sound 
waves  decreased  as  pressure  was  increased,  with  the  exception  of  small  jumps  in  frequency 
which  he  suggested  result  due  to  a switch  between  modes  of  oscillation.  Hammitt  observed 
that  by  covering  the  nozzle  exit  with  sound-absorbing  material  the  frequency  jumps  were 
almost  eliminated  and  the  peak  intensities  occurred  at  different  pressures.  He  concluded  that 
the  jet  oscillations  are  sensitive  to  the  external  sound  waves.  Hammitt  also  correlated  the 


Davies  and  Oldfield  (1962a.  b)  used  spark  Schlicren  visualization  to  measure  in  detail 
emanating  from  an  axisymmetric  convergent  nozzle.  From  their  measurements  they 


concluded  that  several  sources  may  be  responsible  for  generating  screech,  and  that  these 
sources  appear  to  be  located  between  the  4th  and  7th  cells,  at  the  end  of  the  cells.  They  also 
observed  sudden  jumps  in  screech  frequency  (in  agreement  with  Powell  and  Hammitt).  and 
found  that  these  jumps  indeed  coincide  with  small  but  unmistakable  shifts  in  the  cell  pattern 
(as  first  suggested  by  Powell).  In  addition,  their  measurements  indicate  that  at  low  pressures 
the  turbulent  disturbances  develop  into  toroidal  vortices,  and  the  resulting  radiation  is 
symmetric  on  both  sides  of  the  jet.  In  contrast,  at  higher  pressures  long  helical  vortices 
develop  around  the  jet  and  are  convected  downstream,  and  the  radiation  is  i 


ti-symmetric. 


Westley  and  Wooley  ( 1 968)  conducted  a similar  detailed  study,  and  also  correlated 
the  screech  emisions  with  the  shock-cell  pattern  in  an  underexpanded  axisymmetric  jet.  They 
found  that  different  modes  of  screech  (i.e.  different  frequencies)  are  linked  to  different  cells 
in  the  core,  and  all  modes  peak  between  the  third  and  sixth  cell.  Using  a spark  Schliercn 
visualization  system  capable  of  spark  synchronization  and  phase  delay,  they  obtained  still 
images  and  motion  pictures  of  the  jet  and  were  able  to  characterize  the  evolution  of  the 
disturbances  and  the  development  of  the  shocks  in  each  mode.  Westley  and  Wooley 
observed  a symmetric  screech  mode  of  low  frequencies  generated  by  axisymmetric  eddies 
at  low  nozzle  pressures,  and  an  asymmetric  mode  of  high  frequencies  generated  by  spiraling 
eddies  at  high  pressures  (in  direct  support  of  the  results  obtained  by  Davies  and  Oldfield 


iverging  nozzle  using 
served  clearly  the  jet 


1962a). 

Poldervaart  et  al.  ( 1968)  observed  a jet  from 
Shlicren  visualization  and  high-speed  motion  picture 
oscillating  and  screech  being  generated  near  the  third  cell,  thus  providing  conclu: 
evidence  about  the  origin  of  screech.  Further,  by  placing  reflective  surfaces  at  the  nozzle 
they  were  able  to  increase  the  oscillation  through /orced  screech.  Poldervaart  et  al.  propc 

and  supports  further  Powell's  screech  mechanism. 

Glass  (1968)  considered  the  effect  of  flow-generated  screech  on  the  spreading : 
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region  of  the  jet,  he  could  change  considerably  the  rate  of  velocity  decay  in  the  streamwise 
direction  (again  in  support  of  Powell's  model).  In  the  absence  of  the  shield,  he  measured  a 
decrease  of  up  to  50%  in  centerline  velocity  at  a distance  of  20  nozzle  diameters,  as  well  as 
an  increase  of  almost  100%  in  jet  diameter. 

Rosfjord  and  Toms  (1975)  studied  the  effect  of  temperature  on  ffee-jet  screech  and 
found  that  in  general  the  screech  frequency  increased  with  temperature,  except  near  the 
frequency  discontinuities  previously  observed  at  ambient  temperatures.  This  result  is  in 
agreement  with  Powell's  model  (1953a),  insofar  as  higher  jet  temperatures  lead  to  higher 
convective  velocities  in  the  shear  layers  (since  Vc » Mc).  which  in  turn  lead  to  more  frequent 
interactions  between  the  turbulent  disturbances  and  the  shocks  in  the  cellular  pattern.  They 
also  observed  that  screech  intensity  decreased  at  higher  temperatures.  Rosfjord  and  Toms 
present  a semi-empirical  expression  to  predict  the  effect  of  temperature. 

Considerably  fewer  studies  can  be  found  which  have  considered  the  acoustic 
characteristics  of  undcrcxpanded  two-dimensional  jets.  Viets  et  al.  ( 1 98 1 ) studied  jets  from 
two-dimensional  convergent  nozzles  with  aspect  ratios  of  2.0, 5.0  and  16.  They  measured 
screech  consisting  of  a fundamental  frequency  (in  the  2 kHz  - 16  kHz  range)  and 
higher-order  harmonics,  and  found  that  for  some  nozzle  pressures  the  first  harmonic  becomes 
the  dominant  frequency.  Viets  et  al.  observed  shifts  in  screech  frequency  for  the  nozzle  with 
small  aspect  ratio,  similar  to  the  shift  previously  observed  for  axisymmetric  nozzles  (Powell. 
1953b;  Davies  and  Oldfield.  1962a;  etc).  Their  frequency  data  fits  Powell's  correlation 
(Equation  2.24)  reasonably  well,  and  their  results  provide  evidence  of  faster  mixing  (similar 
to  that  reported  by  Glass,  1968)  at  pressure  ratios  between  R = 3.1  and  R = 3.45  for  all  three 


• detailed  experimental  study  of  two-dimensional  jets  from  convergent  nozzle 


was  conducted  by  Krothapalli  et  al.  ( 1983  and  1982).  They  found  that  screech  tones  occur 
at  all  pressure  ratios  between  R = 2.7  to  R = 5.4.  At  pressure  ratios  in  the  range  R = 3 to 
R = 4 they  observed  several  distinct  features,  including  an  increase  in  the  spread  angle  of  the 
jet,  higher  intensities  for  the  fundamental  screech  frequency,  and  large-amplitude  oscillations 
of  the  shock-cells.  It  was  observed  that  cylindrical  sound  waves  originate  alternately  near 
the  end  of  the  third  cell,  where  the  latter  breaks  up  as  a result  of  the  jet  oscillations. 

Krothapalli  et  al.  also  found  that  the  Strouhal  number  corresponding  to  the  peak 
screech  amplitude  was  0.12.  After  examining  the  available  data  for  two-dimensional 
undcrexpanded  jets  they  determined  that  the  Strouhal  number  for  the  maximum  screech 
radiation  always  falls  between  0.1 1 and  0.14  (and  between  0.24  to  0.28  for  axisymmetric 
jets),  which  is  close  to  the  most  anti-symmetric  and  unstable  modes  in  incompressible  jets. 
Based  on  their  visualization  experiments,  they  suggested  that  for  these  conditions,  vortices 
enter  the  shock  cell  and  interact  with  the  normal  shocks  at  the  end  of  the  cells. 

More  recently  Gutmark  et  al.  (1990)  also  investigated  a convergent  nozzle  (aspect 
ratio  AR  = 3)  for  pressure  ratios  corresponding  to  fully  expanded  Mach  numbers  between 
M(  t = I and  M,e  = 2.4.  They  observed  an  asymmetric  flapping  motion  of  the  jet  on  the 
minor  axis  plane  as  the  nozzle  is  underexpanded,  while  the  major  axis  remained 
approximately  symmetric.  The  flapping  motion  resulted  in  higher  spread  rates  of  the  jet  in 
this  plane,  with  the  maximum  spread  rate  occurring  near  pressure  ratios  for  M,t  = 1 .5  (i.e. 
R = 3.67).  The  pressure  fluctuations  were  also  found  to  be  much  higher  at  the  minor  plane, 
and  the  strongest  fluctuations  corresponded  to  the  screech  emissions  propagated  upstream 
(as  predicted  by  Powell's  directionality  analysis,  1953a).  Gutmark  et  al.  found  that  as  the 
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pressure  is  increased  further  (4.94  £ R s 6.70  or  1 .7  s M(e  s 1 .9)  the  flapping  motion  no 
longer  occurred  and  the  spread  rate  was  reduced,  although  the  jet  still  spread  at  higher  rates 
than  a jet  with  M(c  = 1. 

There  are  very  few  studies  pertaining  to  jets  from  supctsonic  nozzles.  Most  of  these 
studies  involved  axisymmetric  jets  and  were  motivated  by  an  increasing  need  to  understand 
broadband  shock  noise  from  aircraft  exhausts  (Tam  et  al„  1983:  Dash  ct  at..  1983;  and  Seiner 
el  al.,  1985;  Noram  and  Seiner,  1982;  Tam,  1972;  Harper-Bourne  and  Fisher,  1973;  Tanna, 
1977;  for  example).  In  most  experimental  investigations  there  was  a conscious  effort  to 
eliminate  the  strong  screech  component  from  the  sound  spectrum  in  order  to  isolate  the 
broadband  emission.  The  broadband  shock-noise  has  been  attributed  to  a weaker  interaction 
between  the  large-scale  structures  and  the  shock-cell  system  (Tam  and  Tanna,  1982). 

Yu  and  Dosanjh  (1972)  investigated  the  directionality  of  screech  emissions  in  a jet 
from  a contoured,  axisymmetric,  Mach  1 .5  nozzle.  From  their  measurements  they  found  that 
the  shock  structure  in  the  underexpanded  jet  significantly  increases  the  high  frequency  noise, 
and  that  discrete  emissions  (i.e.  screech)  are  found  normal  to  and/or  upstream  of  the  jet 
direction.  The  similarity  with  Powell's  results  suggests  that  the  screech  phenomenon  is  the 
same  (at  least  qualitatively)  in  supersonic  nozzles  as  it  is  in  convergent  nozzles.  Yu  and 
Dosanjh  also  found  that  the  apparent  source  of  the  strongest  emissions  is  located  near  the 
middle  of  the  shock-cell  region  of  the  core  (1  s x / d s 9). 

A few  very  sophisticated  numerical  solutions  which  account  for  turbulence  have  been 
developed  to  predict  the  shock  structure  and  broadband  shock  noise  in  underexpanded  free 
jets  (Dash  etal.,  1985;  Seiner  etal.,  1985;  Tam  etal.,  1985;  for  example).  These  solutions 
provide  reasonable  agreement  with  the  available  data,  particularly  in  the  initial  region  of  the 
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jet  and  near  the  center.  The  accuracy  deteriorates  with  distance  from  the  jet  axis,  particularly 

Tam  (1986)  developed  a linear  shock-cell  model  to  predict  the  structure  and  the 
screech  tone  frequencies  of  underexpanded  jets  from  two-dimensional  and  elliptical 
supersonic  nozzles.  He  modeled  a slightly  underexpanded  jet  as  being  surrounded  by 
vortex-sheets  (i.e.  the  shear  layers),  and  solved  the  boundary  value  problem  using  the  method 
of  eigenfunction  expansion.  From  the  solution.  Tam  obtained  the  following  first-order 
approximations  for  the  shock-cell  spacing  (fcell)  and  the  screech  frequency  (/)  in  a 
two-dimensional  jet: 


/ H , 
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are  the  small  and  large  dimensions  of  the  nozzle, 
valid  forW/H  2 4,  and  provide  favorable  agreement 
choked  rectangular  jets  (i.e.  Md  = I ) by  assuming  that 
Vc  = 0.7V(t.  Tam  (1986)  noted  that  experimental  measurements 
ipect  ratios  are  not  available  and  are  to  needed  to  confirm  any 
[which  partly  explains  the  motivation  behind  the  present 


partly  explain 


12.7  Aeroacoustic  Imcraclions  in  Underexpanded  Hieclors 

The  work  of  Quinn  (1975,  1976,  and  1977)  ranks  among  the  first  on  acoustic 
interaction  in  ejectors.  He  considered  an  ejector  with  a convergent  primary  nozzle  6.75  mm 
in  diameter,  and  an  area  ratio  A2/  A,  = 25.8.  While  studying  the  effect  of  mixing-tube  length 
in  an  axisymmetric  constant-area  ejector  over  a range  of  primary  pressures  and  temperatures, 
he  observed  unusually  high  performances  for  relatively  short  mixing  tubes  at  pressure  ratios 
0*11 ! Pams'  near  2.7  and  3.7.  Quinn  observed  that  high  performance  coincided  with 
occurrence  of  screech  tones  similar  to  those  detected  by  Powell  (1953b). 

By  comparing  the  free-jet  (Rosfjord  and  Toms,  1975)  and  bounded  jet  acoustic 
emissions.  Quinn  found  that  the  screech  frequency  is  substantially  different  between  these 
cases,  with  those  for  the  ejector  flow  in  general  being  higher.  He  also  found  that  over  some 
pressure  ratios,  including  those  which  resulted  in  improved  performance,  the  ejector  screech 
had  a tendency  to  assume  frequencies  close  to  symmetric  ( 1 6 kHz,  30  kHz)  and  asymmetric 
(25  kHz,  40  kHz)  resonant  modes  of  the  circular  mixing-tube.  Quinn  observed  that  at  some 
pressures  the  screech  frequency  suddenly  shifted  to  these  "preferred"  frequencies.  Succi  et 

the  noise  generated  by  a turbulent  jet. 

Quinn  observed  that  flows  with  improved  performance  were  characterized  by  an  early 
increase  in  side-wall  pressure  and  by  considerably  more  uniform  velocity  and  temperature 
profiles  at  the  mixing-tube  exit.  He  determined  that  the  improved  performance  was  a result 
of  faster  mixing,  and  attributed  the  latter  to  acoustic  interactions  similar  to  those  found  in 
free  jets.  Quinn  suggests  that  the  effect  of  this  interaction  is  to  inhibit  the  turbulent  energy 
cascade  and  intensify  the  large  vortices  which  entrain  fluid  into  the  shear  layer.  This 
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explanation  seems  reasonable  since  the  first  phase  of  the  entrainment  process  in  shear  layers 
(as  discussed  by  Dimotakis.  1 986)  is  the  induction  of  fluid  between  large  scale  vortices. 

Quinn  explained  that  the  acoustic  interaction  had  a negative  effect  when  long  mixing 
tubes  were  used.  The  faster  mixing  not  only  leads  to  higher  velocities  near  the  wall,  thus 
resulting  in  relatively  larger  friction  loses,  but  effectively  extends  the  length  along  which 

Viets  et  al.  (1981)  considered  a two-dimensional  ejector  (area  ratio  of  A2/  A,  = 26, 
nearly  the  same  as  Quinn's,  1976)  with  a convergent  nozzle  (AR  = 133)  and  variable 
mixing-tube  length  (L  / W = 2 - 11).  Viets  and  coworkers  observed  acoustic  interactions 
similar  to  those  reported  by  Quinn.  They  found  that  for  L / W z 3.8  screech  had  a tendency 
to  become  tuned  to  some  frequencies,  and  for  some  pressures  this  interaction  resulted  in 
peaks  of  sound  pressure  levels  (SPL).  The  strongest  interactions  occured  at  pressure  ratios 
between  3.2  and  3.5  and  always  corresponded  to  a dominant  frequency  of  15  kHz  to  16  kHz. 
Their  measurements  showed  small  improvements  in  thrust  augmentation,  which  they 
attributed  to  more  complete  mixing. 

Hsia  ( 1 984)  also  investigated  the  effect  of  screech  on  the  flow  field  and  performance 
of  a two-dimensional  ejector.  Hsia  considered  an  ejector  with  a convergent  nozzle  (AR  = 10) 
and  a constant-area  mixing  tube  with  adjustable  height  (resulting  in  7.4  s A2/  A,  s 35.4  and 
*6-7  2 Lb..  1 H 2 3.84).  Upon  increasing  the  mixing-tube  height  at  a fixed  pressure,  he 
observed  that  the  dominant  screech  frequency  decreased  gradually  until  a critical  height  was 
reached.  Beyond  that  critical  height  the  frequency  suddenly  jumped  to  a new  higher  level 
and  then  decreased,  and  the  process  was  repeated.  Hsia  adapted  the  feedback  loop  developed 
by  Poldervaart  et  al.  (1968)  to  the 


geometry  of  his  ejector,  i 
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predicts  well  the  trend  observed  for  the  variation  of  frequency  with  geometry.  He  concluded 
that  the  nature  of  the  acoustic  interaction  is  the  same  in  bounded  jets  as  it  is  in  free-jets. 

Hsia  also  found  that  the  ejector  screech  decreased  in  stages  as  the  pressure  was 
increased,  while  the  screech  frequency  for  a free  jet  from  the  same  nozzle  decreased 
continuously  (in  agreement  with  results  obtained  by  Quinn,  1976,  and  Viets  et  al„  1981). 
However,  in  contrast  to  Quinn’s  results  for  the  axisymmetric  ejector  geometry,  he  found  that 
the  frequency  stages  occurred  only  near  asymmetric  resonant  mixing-tube  modes.  Hsia 
reports  improved  mixing  and  performance  for  pressure  ratios  between  3.7  and  4.4,  which 
correspond  to  the  lowest  and  most  powerful  frequency  stage. 

With  the  aid  of  a self-synchronizing  Shlieren  system,  Hsia  was  able  to  observe  flow 
structures  previously  undetected  in  ejector  flows.  By  taking  multiple-exposure  Shlieren 
photographs  with  the  light  source  triggered  at  the  dominant  screech  frequency,  he  was  able 
to  visualize  standing  waves  which  closely  match  the  excited  modes  of  the  mixing-tube. 
Further,  by  selectively  choosing  lower  synchronization  frequencies,  he  observed  large-scale 
groups  of  structures  in  which  the  individual  structures  travel  at  different  velocities  but  as  a 

More  recently,  Tam  (1993)  used  linear  stability  theory  to  predict  the  most  unstable 
disturbance  waves  in  free  and  ducted  turbulent  jets,  motivated  by  knowledge  that  these  waves 
represent  an  essential  element  of  Powell's  feedback  loop.  His  analysis  showed  that  the  most 
unstable  waves  occur  over  a limited  frequency  band,  and  based  on  this  result  he  suggests  that 
screech  frequencies  must  lie  within  this  frequency  range  for  the  feedback  loop  to  produce 
high  screech  intensity.  He  explains  that  the  screech  frequency  is  largely  dictated  by  the 
feedback  loop  in  free  jets  and  by  the  resonant  duct  modes  in  bounded  jets.  According  to 


Tam.  the  jumps  in  screech  frequency  often  reported  can  be  explained  by  a switch  in  the  most 
unstable  waves  in  the  jet--a  switch  from  axisymmetric  to  helical  instability  mode. 

Tam's  analytical  predictions  also  seem  to  explain  the  measurements  obtained  by 
Rosfjord  and  Toms  (1975).  As  the  temperature  of  the  jet  is  increased,  the  frequency  of  the 
most  unstable  waves  decreases  while  the  opposite  is  true  for  screech  frequencies.  Thus  the 
waves  and  screech  move  towards  a mismatch  in  frequencies  and  the  intensity  of  the  screech 

A search  of  the  literature  reveals  that  there  is  a void  of  experimental  data  on  the 
screech  interaction  in  supersonic  ejectors.  Bama  (1971)  considered  an  axisymmetric  ejector 
configuration  with  conical  convergent-divergent  primary  nozzles.  The  results  reported 
include  pumping  performance  and  overall  sound  power  level  as  a function  of  primary  Mach 
number  and  primary  pressure.  However.  Bama  provides  no  details  about  effects  on  mixing, 
the  spectral  nature  of  the  sound  emissions,  or  the  probable  location  of  the  screech  sources. 

Mamin  et  al.  (1971)  also  conducted  a limited  investigation  on  axisymmetric  free  and 
ducted  jets  from  supersonic  nozzles.  The  results  reported  include  empirical  expressions  for 
the  cell  spacing  and  screech  frequency,  estimates  of  the  convective  velocity  of  disturbances, 
and  screech  directionality  predictions.  They  also  found  a resonant  condition  in  the  ejector. 
Their  results  are  in  general  agreement  with  those  reported  for  convergent  nozzles. 

2.3  Ejector  Background 

Ejectors  have  been  the  subject  of  experimental  and  analytical  studies  for  many  years 
and.  as  a result,  there  is  a wealth  of  literature  with  a near  endless  list  of  entries.  The  general 
fundamental  behavior  of  these  devices  is  well  understood  and  numerous  analytical  solutions 
with  different  levels  of  sophistication  have  been  developed  which  provide  reasonable 
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predictions  of  performance  trends.  Porter  and  Squyers  (1978. 1979)  give  a comprehensive 
review  of  ejector  theory  which  includes  in  excess  of  1600  references.  The  background 
provided  next  is  only  a brief  review  of  selected  studies  and  various  aspects  of  high-speed 
ejector  flows  in  which  the  primary  and  secondary  streams  are  gases. 

Due  to  the  complexity  of  ejector  flow  fields,  a number  of  simplifications  are  usually 
adopted  to  model  the  real  flows,  thus  making  the  analysis  manageable.  Therefore,  the 
solutions  in  general  are  only  valid  for  a given  range  of  flow  conditions,  geometry  or 
operating  regime.  A control-volume  approach  is  often  used  where  the  governing  equations 
are  solved  by  introducing  assumptions  such  as  adiabatic  and/or  frictionless  flow; 
constant-pressure  or  constant-area  mixing;  uniform  inlet  flows;  fully  mixed  exit  flows;  ideal 
gas;  etc.  Because  most  formulations  are  based  on  the  one-dimensional  and/or  frictionless 
assumptions,  they  fail  to  predict  the  length  required  to  achieve  a given  extent  of  mixing 
between  the  primary  and  secondary.  This  obviously  represents  a major  shortcoming  from 
a design  standpoint,  for  among  a designer's  main  objectives  could  be  to  build  the  hardware 
as  compact  as  possible. 

Keenan  and  Neumann  (1950,  1942)  are  among  the  first  who  investigated  ejectors 
analytically  and  experimentally.  As  in  most  ejector  studies,  they  considered  an  axisymmetric 
configuration  to  examine  the  effect  of  geometry  on  performance  and  used  a one-dimensional 
analysis  to  predict  performance.  They  considered  convergent  and  convergent-divergent 
nozzles,  constant-area  and  constant-pressure  mixing,  and  mixing  tubes  of  variable  length. 
Their  measurements  follow  the  predicted  trends,  but  as  is  the  case  with  most  analysis  of  this 
type,  the  actual  performance  falls  below  the  ideal  output.  Their  measurements  showed  that 
seven  to  eight  diameters  resulted  in  the  best  performance  when 


i mixing-tube  length  of  about  i 


flow  is  subsonic. 


primary-lo-secondary  pressure  ratio. 

Fabri  and  Siestninck  ( 1 958)  investigated  experimentally  supersonic-primary  ejectors 
with  cylindrical  mixing  tubes,  and  proposed  analytical  solutions  to  predict  their  performance. 
Their  analyses  are  based  on  the  requirement  of  aerodynamic  compatibility  between  the 
primary  and  secondary  in  the  mixing  region  (i.e.  the  supersonic  jet  adjusts  to  the  surrounding 
pressure,  in  turn  adjusting  the  secondary  flow  area),  and  neglect  viscosity  and  diffusion 

In  developing  their  models  Fabri  and  Siestninck  identified  three  distinct  flow  regimes 
for  high  pressure  ejectors,  which  can  be  described  as  follows.  The  supersonic  flow  regime 
exists  when  the  primary  flow  remains  supersonic  through  the  entire  mixing  tube.  In  this 
regime  the  primary  jet  expands  as  it  enters  the  mixing  tube,  effectively  reducing  the 
secondary  flow  area  and  forcing  the  secondary  to  become  choked  at  the  point  of  maximum 
expansion.  This  condition  of  aerodynamic  choking  is  commonly  known  as  Fabri  choking. 
In  the  supersonic  flow  regime  the  conditions  in  the  mixing  tube  are  independent  of  the  those 
beyond  the  mixing-tube  exit.  As  the  primary  pressure  is  increased  further,  the  choking  point 
of  the  secondary  moves  closer  to  the  secondary  exit,  until  eventually  the  secondary  becomes 
choked  at  the  exit.  This  condition  represents  the  saturated  supersonic  regime,  and 
corresponds  to  the  maximum  entrainment  in  a supersonic  ejector.  When  the  primary 
pressure  is  lowered,  a point  is  reached  beyond  which  the  secondary  never  reaches  a choked 
condition,  and  the  supersonic  primary  eventually  breaks  down.  This  scenario  corresponds 
to  the  mixed  flow  regime.  For  this  type  of  ejector  flow  the  secondary  is  entrained  by  a 
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subsonic  primary  flow.  This  characterization  of  ejector  flows  represents  the  basis  for  many 
analytical  models  that  are  used  today. 

Chow  and  Addy  (1964)  also  studied  constant-area  supersonic  ejectors  and  extended 
the  concepts  introduced  by  Fabri  and  Siestmnck.  Their  analysis  incorporates  the 

Fabri  and  Siestrunck,  who  used  one-dimensional  isentropic  relations  to  determine  the 
conditions  at  the  minimum  secondary  flow  area).  Their  analysis  also  accounts  for  the 
viscous  interactions  between  the  two  streams  in  terms  of  the  amount  of  entrained  secondary 
fluid.  This  was  done  by  approximating  the  thin  viscous  layer  as  behaving  like  a 
constant-pressure  incompressible  shear  layer  (Section  2.1.1).  Beyond  the  point  of  minimum 
maximum  primary  expansion,  their  analysis  reduces  to  a one-dimensional  solution 
independent  of  any  viscous  interaction  between  the  primary  and  secondary.  Their  model  can 
be  used  to  generate  performance  surfaces  which  are  characteristic  of  a given  ejector  design 
(i.c.  M,  and  A2  / A,).  Chow  and  Yeh  (1965)  used  the  same  approach  to  predict  performance 
in  ejectors  with  variable-area  mixing  tubes.  The  analytical  approach  used  by  Chow  and  his 
coworkers  is  discused  at  length  by  Addy  (1972). 

Anderson  (1974)  developed  a computer  code  which  calculates  the  flow  in 
supersonic-nozzle  ejectors.  The  code  takes  into  account  the  finite  thickness  of  the  shear  layer 
between  the  primary  and  the  secondary  and  also  the  initial  boundary-layer  thickness  of  each 

A different  type  of  analysis  was  presented  by  Hickman  et  al.  (1972)  foraxisymmetric 
large  area-ratio  ejectors.  In  this  case  the  ejector  flow  field  was  divided  into  regions  which 


f-preserving  jet.  and  the  developing  duct-flow  regions.  Each 
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nsgion  was  modeled  lo  oblain  the  mean  How  field  in  the  mixing  lube.  Their  analysis  allows 
for  different  primary  and  secondary  stagnation  pressures,  either  supersonic  or  subsonic 
primary,  and  accounts  for  boundary  layer  effects  (wall  friction,  reduction  of  flow  area,  etc.). 
While  their  analysis  yields  reasonable  agreement  with  their  measurements  for  a 
heated-primary  ejector,  the  assumptions  and  models  used  greatly  limit  its  range  of 
applicability. 

Quinn  ( 1976)  used  a quasi  one-dimensional  control  volume  analysis  to  compute  the 
performance  in  an  axisymmetric  ejector.  Quinn  included  an  empirical  friction  term  in  the 
momentum  equation,  and  also  introduced  the  skewness  factors  or  moments  of  the  exit  flow 
to  account  for  incomplete  mixing.  Quinn  also  investigated  experimentally  the  effect  of 
primaiy  underexpansion  and  acoustic  interactions  on  performance  (as  explained  in  the 
previous  section),  and  used  the  predicted  results  to  evaluate  the  experimental  data. 

Addy  et  al.  (1981)  developed  a computer-based  one-dimensional  model  to  predict  the 
performance  of  supersonic  ejectors  for  specified  operating  conditions.  Their  analysis 
includes  a secondary  control  volume  to  determine  the  limiting  secondary  flow  rate  which 
results  in  Fabri  choking.  The  model  can  provide  solutions  for  cases  of  constant-area  or 
constant-pressure  mixing  and  for  flows  with  similar  or  dissimilar  gases.  The  code  also 
allows  for  the  inclusion  of  an  exit  diffuser.  Because  the  model  is  based  on  the  assumption 
of  inviscid  flow,  its  value  is  limited  primarily  to  parametric  studies  of  ejector  performance. 

Dutton  et  al.  (1982)  investigated  experimentally  a supersonic/supersonic  ejector  in 
connection  with  its  application  to  chemical  lasers.  Dutton  and  his  coworkers  used  the  same 
analysis  developed  by  Addy  et  al.  (1981 ) to  predict  the  performance  of  their  test  ejector  and 
found  that  the  predicted  performance  was  15%  to  22%  higher  than  the  measured  values. 


The  analysis  and  model  developed  by  Addy  el  al.  (1981)  was  used  by  Dutto 


Carroll  ( 1 986)  lo  develop  an  cjeclor-opiimization  computer  program.  The  output  of  their 
optimization  code  can  be  use  to  generate  three-dimensional  performance  surfaces  similar  to 
those  first  proposed  by  Chow  and  Addy  (1964).  The  surfaces  represent  the  upper-limit 
performance  of  the  ejector,  and  give  an  estimate  the  near-ideal  ejector  design  and  operating 
points  for  a given  application  requirement. 

In  measuring  ejector  performance  the  choice  of  parameters  depends  largely  on  the 
application  being  considered.  When  the  function  of  the  ejector  is  to  entrain  or  extract  fluid 
from  a given  space  (i.e.  the  secondary),  the  entrainment  ratio,  m,  /m, , is  a suitable  measure 
of  performance.  In  propulsion  applications  such  as  V/STOL  aircraft,  where  the  ejector  acts 
as  a thrust  augmentor.  performance  can  be  measured  in  terms  of  the  thrust  augmentation 


If  the  ejector  is  used  as  a fluid  pump,  then  ejector  pressure  ratio.  P0,  / P02 . is  a useful 
measure  of  the  effectiveness  of  the  ejector. 

Another  ejector  performance  parameter  recently  introduced  by  Roan  (1991)  is  the 
Stagnation  Momentum  Exchange  Effectiveness  (SMEE).  Roan  postulates  that  an  ejector  can 
be  viewed  as  a compressor.  Therefore,  the  ejector  "goodness"  can  be  measured  in  terms  of 
the  useful  compression  work  performed  on  the  secondary  by  the  primary,  relative  to  the 
latter's  lull  potential  for  expansion  work.  Roan  explains  that  a momentum-based 
performance  parameter  is  a better  indicator  than  one  based  on  energy.  Based  on  these 
observations  Roan  developed  the  SMEE  parameter,  which  is  given  by 


(2.28) 


SMEE  = T°;1'|M»i  ^r 

cp.2Nto.iY2M„  , M P„J 


The  subscripts  1 , 2,  and  3 refer  to  it 
ejector  (the  remaining  variables  c 
SMEE  varies  roughly  between  0. 1 1 


: primary,  secondary,  and  fully  mixed  exit  planes  of  the 
n be  found  in  the  nomenclature).  Roan  explains  that 
id  0.3  and  that  experimental  data  shows  that  for  a given 


esign  point  parameters  (i.e.  primary 


ejector  design  SMEE  is  usually  constant  irrespective  o 
and  secondary  velocities,  etc.). 

The  usefulness  of  the  SMEE  parameter  was  demonstrated  by  Petersen  el  al.  ( 1 992) 
and  Roan  ( 1991 ) using  data  collected  by  Petersen  ( 1990)  for  a supersonic-primary  ejector 
with  dissimilar  primary  and  secondary  gases.  It  was  found  that  flows  with  smaller 
primary-lo-sccondaiy  molecular  weight  ratios  indeed  result  in  higher  performance  (i.e.  higher 
SMEE)  for  a given  ejector  geometry,  as  predicted  by  the  SMEE  parameter. 

In  the  present  investigation,  the  ideal  ejector  performance  was  computed  using 
properties  obtained  with  a one-dimensional  control  volume  analysis  like  the  one  used  by 
Quinn  ( 1976)  and  Addy  et  al.  ( 1981 ).  The  formulation  is  explained  in  detail  in  Appendix  C, 


>n  C.5,  an 


is  also  discussed  in  Chapter 


CHAPTER  3 

EXPERIMENTAL  INVESTIGATION 
3.1  Scope  of  Investigation 

In  the  preceding  chapter  a number  of  studies  were  cited  which  have  shown  that  gains 
in  ejector  performance  can  sometimes  occur  from  increased  mixing  when  the  primary  stream 
is  operated  at  above-critical  pressure.  Some  results  suggest  that  flow-generated  screech  in 
these  flows  can  influence  the  early  development  of  the  shear  layers,  hence  affecting  the 
overall  mixing  process.  Most  of  the  studies  found,  however,  pertain  to  ejectors  of 
axisymmetric  configuration  and/or  flows  in  which  the  primary  has  a nominal  Mach  number 
near  unity.  Further,  very  few  report  data  with  the  level  of  detail  necessary  to  more 
thoroughly  understand  these  flow  fields. 

Ongoing  efforts  to  include  ejector  devices  in  propulsion  cycles  have  prompted 
interest  in  the  effect  of  undcrcxpansion  in  ejectors  where  the  primary  flow  is  supersonic.  Of 
particular  interest  is  the  effect  of  undcrcxpansion  on  the  early  development  of  ejector  shear 
layers  (i.e.  on  mixing)  and  on  overall  ejector  performance.  These  effects  are  the  chief 
motivation  behind  this  work.  As  a result,  the  primary  objectives  of  this  investigation  were 
(a)  to  design,  build,  and  instrument  an  ejector  test  facility;  and  (b)  to  provide  detailed 
experimental  data  to  help  further  understand  how  performance  is  changed  when  the  primary 
is  underexpanded  in  a supersonic-primary/subsonic-secondary  ejector. 


25.4  mm  wide  by  12.7 
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identical  subsonic  jets  of  similar  cross  section,  and  the  three  co-flowing  streams  discharge 
into  a constant-area  mixing  tube  of  rectangular  cross  section.  Figure  3. 1 shows  the  geometry 
and  scale  of  the  test  section,  and  the  reference  coordinate  system.  The  study  was  also  limited 
to  cases  in  which  air  was  the  primary  and  secondary  gas,  and  the  primary  pressure  was  the 
only  controlled  independent  variable.  The  measurements  collected  included  (I)  total 
(stagnation)  pressures  and  temperatures,  (2)  mass  flow  rates,  (3)  sidewall  static  pressures.  (4) 
pitot  pressure  traverses,  (5)  acoustic  spectra  and  (6)  flow  visualization. 

It  is  readily  recognized  that  the  scope  of  this  investigation  was  inherently  limited 
considering  the  endless  number  of  variables  which  can  directly  or  indirectly  govern  an 
ejector  flow  field.  However,  narrowing  the  scope  in  this  fashion  was  necessary  in  order  to 
provide  enough  detailed  measurements  while  still  keeping  the  resulting  database  manageable. 

3.3  Test  Matrix 

The  test  matrix  consisted  of  eleven  cases  which  differ  in  primary  stagnation  pressure. 
P0 1.  In  all  cases  the  nominal  (design)  exit  Mach  number  was  M,  = 1.8  for  the  primary  and 
M,  = 0.35  for  the  secondary,  approximately.  The  mixing-tube  inlet  static  pressure  was  kept 
at  34  J kPa,  within  2.5  percent.  This  also  corresponds  to  the  secondary  exit  pressure,  Pu. 
Hence,  the  nominal  required  total  pressure  for  the  secondary,  P0  ;,  was  37.5  kPa. 

Using  sub-atmospheric  test-section  pressures  has  two  advantages.  First,  it  increases 
allowable  run  time  by  decreasing  the  flow  rates.  Secondly,  lowering  the  Reynolds  number 
delays  turbulent  transition  of  the  shear  layer,  hence  allowing  for  more  detailed  observation 
of  early  flow  development. 

The  baseline  test  case  corresponds  to  the  ideally  expanded  primary  flow,  and  required 
a total  primary  pressure  of  approximately  200  kPa.  For  the  remaining  ten  cases  the  primary 
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stagnation  pressure  was  increased  using  a 13.8  kPa  increment,  thus  resulting  in  increasingly 
higher  levels  of  primary  underexpansion.  These  flow  conditions  result  in  primary  flow  rates 
between  th,  = 0.10  kg/sand  m,  = 0.18  kg/s, and  a secondary  flow  rate  of  thj  = 0.048  kg/s. 
Table  3.1  summarizes  the  design  test  conditions  for  all  test  cases.  The  range  of  primary 
pressures  was  chosen  based  on  (a)  available  data  for  conditions  which  result  in  changes  in 
performance  and/or  flow  generated  screech,  and  (b)  the  results  of  earlier  exploratory  tests. 

3.3  Test  Facilities 

The  experimental  apparatus  used  in  this  investigation  incorporated  new  as  well  as 

section.  This  test  section  was  designed  and  built  at  the  University  of  Florida.  Gas  Dynamics 
Laboratory  to  study  shear  layer  growth  in  ideally  expanded,  supersonic/subsonic  ejectors 
with  similar  and  dissimilar  primary  and  secondary  gases  (Dufflocq  et  al„  1993).  A few 
modifications  were  made  later  to  accommodate  the  needs  of  this  investigation.  Among  the 

(a)  provide  near  uniform,  two-dimensional  primary  and  secondary  exit  flows; 

(b)  minimize  the  flow  rates  while  maintaining  a flow  scale  sufficiently  large  to 
allow  the  flow  to  remain  near  two-dimensional  in  the  region  immediately 
following  the  exit  plane-the  near  field,  and  allow  implementation  of  the 

(c)  facilitate  implementation  of  the  different  types  of  instrumentation  and 

(d)  provide  flexibility  for  future  changes  or  additions  to  the  hardware  while 
keeping  manufacturing  difficulty  and  cost  to  a minimum. 
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The  air  required  for  Ihe  experiraenls  was  supplied  by  a high-pressure  gas  storage  and 
delivery  system.  A vacuum  exhaust  system  was  installed  which  provides  the  low  test-section 
pressures  necessary  for  the  investigation  and  allows  relatively  short  pump-down  times.  Fine 
adjustment  of  the  flow  rates  as  well  as  the  exhaust  back  pressure  were  necessary  to  ensure 
precise  and  repeatable  test  conditions. 

Air  flow  through  the  rig  was  controlled  by  the  laboratory  PC  computer,  as  was  the 
data  acquisition.  Computer  automation  allowed  for  short  run  times,  consistency,  and  precise 
instrument  readings,  while  minimizing  operator  error.  The  remainder  of  this  chapter 
provides  a detailed  account  of  all  relevant  components  of  the  experimental  apparatus  and  test 
procedures. 


3.3.1  Gas  Storage  and  Delivery  System 

A schematic  of  the  high-pressure  air  supply  facility  is  shown  in  Figure  3.2.  The 
pressurized  air  used  for  the  primary  and  secondary  flows  was  supplied  by  a Worthington 
two-stage  positive-displacement  340-cfm,  ISO  hp  (0.160  m5/s.  1 12  kW)  compressor,  which 
delivers  a maximum  working  pressure  of  2070  kPa.  The  compressed  air  is  passed  through 
several  oil  and  water  traps,  and  through  a two-column  desiccant  air  dryer  to  remove  most  of 
the  excess  moisture.  The  dry  air  is  then  stored  in  four  cylindrical  tanks  manifolded  together 
and  totaling  a volume  of  approximately  6.23  m3,  from  where  it  is  used  in  blowdown  mode. 

In  order  to  maintain  a near  constant  supply  pressure,  the  compressor  was  run 
continuously  during  tests.  Further,  to  increase  consistency  of  the  test  conditions,  flow  rates 
were  adjusted  using  a preselected  supply  pressure  and  tuns  were  initiated  at  this  same  level 
throughout  a series  of  tests.  The  start-up  supply  pressure  was  monitored  with  a transducer 
mounted  on  the  supply  line  and  was  preselected  after  a warmup  period,  once  the 


after  a warmup  period, 
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ideally  disengaged  upon  reaching  ihc  maximum  pressure. 


A solenoid  valve  provided  for  cmpiying  the  lanks  was  used  10  lower  the  pressure  and  force 

Air  is  delivered  lo  the  test  rig  through  a supply  line  built  from  schedule-80  steel 
piping.  The  first  section  of  this  supply  line  is  a 2 in.  pipe  sized  to  keep  the  Mach  number 
below  0.4  for  flow  rates  up  to  27  limes  higher  than  those  investigated  here  (for  the  highest 

tanks  from  the  test  rig  when  the  rig  is  not  used.  Automatic  on/off  control  of  the  air  flow  is 
accomplished  with  a solenoid  valve  placed  downstream  of  the  gate  valve.  The  solenoid 
valve  can  be  controlled  manually  or  electronically  using  a digital  output  channel  from  the 
computer.  The  total  air  flow  lo  the  rig  is  measured  with  a 25.4  mm  sharp-edge  concentric 
orifice  plate  located  between  the  gate  valve  and  the  solenoid  valve. 

The  primary  and  secondary  air  flows  are  then  delivered  to  the  respective  plenums  by 
two  separate  lines,  each  equipped  with  flow-control  valves.  The  secondary  line  is  a 2 in.  pipe 
capped  at  the  downstream  end,  where  four  sections  of  I in.  pipe  are  welded  perpendicular 
to  the  line  and  at  90  degree  intervals.  These  smaller  pipe  sections  form  a manifold  for 
distribution  of  the  secondary  air.  Four  steel-reinforced  PVC  hoses  with  a I in.  inside 
diameter  connect  this  manifold  to  the  secondary  plenums.  The  secondary  flow  rate  was 
adjusted  with  two  needle  valves  installed  in  parallel:  a 3/4  in.  valve  used  for  coarse 
adjustment  and  a 1/4  in.  valve  used  for  fine  adjustment.  A 25.4  mm  sharp-edge  concentric 
orifice  plate  mounted  upstream  from  these  valves  is  used  to  measured  the  secondary  flow 
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The  primary  line  consists  of  a 3/4  in.  pipe  connected  to  the  primary  plenum  with  a 
flexible  metal  hose  of  3/4  in.  inside  diameter.  The  primary  air  flow  was  also  adjusted  with 
a 3/4  in.  needle  valve  and  a 1/4  in.  needle  connected  in  parallel,  and  was  computed  based  on 
total  and  secondary  flow  measurements. 

A pressure-relief  valve  was  installed  in  each  line  to  protect  the  test  section  and  the 
instrumentation  in  case  of  system  malfunction.  The  metal  hose  and  the  four  PVC  hoses 
connecting  the  supply  lines  to  the  respective  plenums  help  isolate  the  test  section  from 
blowdown-induced  vibrations 

3.3.2  Ejector  Test  Section 

The  ejector  test  section  consists  of  the  primary  and  secondary  plenums,  the  primary 
nozzles  and  secondary  exit  passages,  and  the  ejector  mixing  tube,  or  shroud.  All  hardware 
components  were  fabricated  using  a modular  design  to  facilitate  manufacturing  and 
assembly,  and  to  allow  for  future  modifications.  All  parts  were  machined  at  the  University 
of  Florida  using  small  tolerances  to  ensure  a proper  fit  and  a tight  seal  among  all  mating 
surfaces.  A detailed  description  of  the  various  hardware  is  presented  next. 

?,3,2,|  .Mm^^lS^ondan^lMUJIlj 

The  primary  and  secondary  plenums  consist  of  flow-conditioning  sections  followed 
by  settling  chambers  (Figures  3. 1 and  3.3).  The  primary  plenum  is  in  the  center,  sandwiched 
between  two  identical  secondary  plenums.  The  plenum  walls  are  machined  from  aluminum 
stock  and  form  continuous  flow  passages  of  rectangular  cross  section.  All  flow  passages  are 
25.4  mm  wide.  The  primary  plenum  is  59.7  mm  high,  while  the  secondary  plenums  are 
71.9  mm  high.  These  dimensions  ensure  that  plenum  flow  velocities  are  kept  between  3 m/s 
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and  27  m/s  (as  recommended  by  Pope  and  Goin,  1978)  for  the  range  of  primary  flow  rales 
for  which  the  rig  was  designed. 

Two  rectangular  plales  12.7  mm  thick  serve  as  side  walls  for  the  flow  passages.  The 
remaining  walls  were  machined  from  25.4  mm  thick  aluminum  plate.  These  are  internal 
walls  and  include  (a)  the  walls  separating  the  primary  and  secondary  plenum  cavities,  (b)  the 
outer  walls  of  the  secondary  plenums,  and  (c)  the  rear  wall  for  all  plenums.  Two  stainless 
steel  dowel  pins  insetted  through  the  walls  in  (a)  and  (b)  and  into  positioning  holes  drilled 
in  both  side  walls,  accurately  position  each  part  of  the  assembly.  All  plenum  walls  are  bolted 
together. 

Originally.  Dow  Coming  High- Vacuum  grease  was  used  to  seal  the  mating  surfaces. 
However,  early  experiments  showed  that  this  method  did  not  provide  an  adequate  seal  and 
resulted  in  unacceptable  air  leaks  from  the  primary  plenum  and  the  laboratory  space  into  the 
secondary  plenums.  The  plenum  was  reassembled  by  placing  a thin  film  of  Dow  Coming 
Gasket  Sealant  on  the  critical  surfaces  prior  to  tightening  the  fasteners.  This  approach 
eliminated  all  significant  leaks. 

Air  enters  the  plenums  through  inlet  orifices  machined  on  the  side  walls:  one  for  the 
primary  plenum,  and  one  on  either  side  of  each  secondary  plenum.  Thick-walled  aluminum 
nipples  having  a 1.0  in.  inside  diameter  are  inserted  in  these  orifices  and  welded  to  the  side 
walls,  and  provide  means  to  connect  the  hoses  to  the  respective  plenums.  The  PVC  hoses 
are  clamped  to  the  secondary  nipples,  while  the  metal  hose  threads  into  the  primary  nipple. 

Inside  each  plenum  the  air  fust  passes  through  a series  of  flow  management  devices 
including  (1)  two  perforated  plates  machined  from  aluminum.  (2)  a section  of  aluminum 
honeycomb,  and  (3)  two  stainless  steel  wire  meshes.  The  perforated  plates  are  3.9  mm  thick 


12.7  mm  apart  ( 16.6  mm  from  i 


).  The  ups 


i plates  are  27.4 


from  the  centers  of  the  inlet  orifices.  On  the  primary  side  this  plate  has  a 12*5  array  of 
4.42  mm  diameter  holes  and  provides  39%  flow-area  reduction.  On  the  secondary  side  the 
first  plates  have  a 14x5  array  of  4.45  mm  diameter  holes  providing  40%  blockage. 

The  second  perforated  plate  on  the  primary  side  has  a 14x6  array  of  3.68  mm 
diameter  holes.  On  the  secondary  plenums  the  downstream  plate  has  a 17x6  array  of 
3.66  mm  diameter  holes.  The  downstream  plates  result  in  41%  flow  obstruction.  All  plates 
fit  in  slots  machined  in  the  plenum  walls.  Table  3.2  gives  the  specifications  of  each  plate  in 

The  honeycomb  section  in  all  plenums  is  located  34.9  mm  downstream  from  the 
second  perforated  plate,  and  is  82.6  mm  long  and  has  3.18  mm  cells  of  hexagonal  cross 
section.  A recess  machined  in  the  walls  of  each  plenum  keeps  the  honeycomb  in  place. 

The  first  screen  in  the  primary  and  secondary  flow  passages  is  about  25.4  mm 
downstream  from  the  honeycomb.  This  screen  has  a mesh  of  30x30  wires/in.  and  a wire 
diameter  of  0.165  mm,  resulting  in  35%  obstruction.  The  second  screen  is  12.7  mm 
downstream  from  the  first  one;  it  has  a mesh  of  40x40  wires/in.  and  a wire  diameter  of 
0.165  mm.  resulting  in  a 45%  obstruction.  All  screens  are  soldered  to  brass  frames  which 
fit  in  slots  machined  in  the  plenum  walls. 

The  modular  design  of  the  flow  conditioning  sections  allows  for  easy  inspection, 
cleaning,  and  replacement  of  any  component. 

The  settling  chambers  begin  immediately  following  the  downstream  screens.  These 
sections  are  44.8  mm  long  and  97.5  mm  long  for  the  primary  and  the  secondary  plenums, 


respectively. 


ettling  chamber,  a 0.79  mm  diameter  hole  ■ 


illed  through  one 
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Table  3.2  Specifications  of  the  flow-conditioning  perforated  plates  (A  - upstream. 


SI 

side  wall  and  lapped  outside  to  provide  a pressure  tap.  These  pressure  taps  are  25.4  mm 
downstream  from  the  second  screen,  approximately.  A 1.59  mm  diameter  hole  was  also 
provided  in  the  primary  and  secondary  plenums  for  mounting  thermocouples.  These  holes 
were  drilled  through  one  side  wall,  between  the  two  screens. 

Each  secondary  settling  chamber  is  followed  by  a converging  channel  of  rectangular 
cross  section  which  serves  as  a transition  from  the  plenum  flow  area  to  the  secondary  exit 
area  (Figure  3. 1 and  3 .3).  Here,  the  secondary  air  is  accelerated  and  then  discharged  into  the 
mixing  tube.  The  channel  is  formed  by  the  plenum  side  walls  and  two  contoured  walls.  The 
"inner"  contoured  wall  corresponds  to  the  outer  surface  of  the  primary  nozzle  block 
(described  in  the  following  section).  The  shape  of  the  contoured  surfaces  is  defined  by 
fifth-order  polynomials  with  zero-valued  first  and  second  derivatives  at  the  beginning  and 
end  of  the  contraction.  The  height  of  this  contraction  varies  from  7 1.9  mm  to  19.0  mm.  and 
it  has  a width  of  25.4  mm  and  a length-to-height  ratio  of  approximately  2. 

Machining  of  the  contoured  walls  was  done  at  the  Machine  Tool  Research  Center  of 
the  Mechanical  Engineering  Department,  using  the  laboratory's  CNC  machining  facilities. 
The  resolution  of  the  resulting  contoured  surfaces  is  of  the  order  of  ±0.05  mm.  All 
flow-passage  surfaces  were  polished  using  220, 320. 400  and  600  grain  size  abrasive  paper, 
and  were  buffed  to  a mirror-like  surface  using  jeweler's  rouge  and  wax.  This  polishing 
method  produced  a surface  finish  of  0.2  pm.  or  better. 

3.3.2.2  Primary  nozzle 

The  primary  air  exits  the  settling  chamber  and  discharges  into  the  mixing  tube 
through  a two-dimensional  contoured  nozzle  with  an  aspect  ratio  W / Hf 


, = 2.  The 
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nozzle  used  was  machined  from  aluminum  and  was  designed  10  provide  an  exit  Mach 
number  of  1.8  for  the  isentropic  flow  of  gases  with  y = 1,4. 

The  nozzle  consists  of  two  identical  blocks  bolted  to  the  internal  walls  separating  the 
primary  and  secondary  plenums,  and  clamped  between  the  plenums  side  walls  (Figure  3.4). 
The  blocks  are  mounted  on  opposite  sides  of  the  primary  plenum  center  plane,  and  provide 
the  desired  change  in  flow  area.  Two  stainless  steel  dowel  pins  inserted  through  each  block 
and  into  holes  drilled  in  the  plenum  side  walls  position  the  blocks  accurately.  One  of  the 
plenum  side  walls  is  split  into  two  sections;  the  downstream  section  can  be  removed 

in  the  previous  section  and  is  part  of  the  contraction  for  the  adjacent  secondary  flow  passage. 
The  "inner"  surface  corresponds  to  the  contoured  wall  of  the  nozzle.  The  initial  part  of  the 
nozzle  is  straight,  and  serves  as  an  extension  of  the  settling  chamber.  After  this  constant-area 
section  the  blocks  provide  a contraction  where  the  flow  begins  to  accelerate.  The  shape  of 
the  walls  in  this  converging  region  is  defined  by  fifth-order  polynomial  with  zero-valued  first 
and  second  derivatives  at  the  points  of  maximum  and  minimum  flow  areas.  The  contraction 
has  a ienglh-lo-height  ratio  of  2.5.  These  proportions  provide  near  uniform  flow  and  help 
prevent  flow  separation  (Papamoschou  1986). 

Following  the  contraction  is  the  diverging  region  of  the  supersonic  nozzle.  This 
region  is  16.2  mm  long  and  its  shape  was  derived  using  the  two-dimensional  method  of 
characteristics.  Boundary  layer  corrections  were  not  incorporated  in  the  final  shape.  Such 
corrections  are  dependent  on  the  flow  Reynolds  number,  and  the  nozzles  were  intended  for 
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use  ai  a range  of  Reynolds  numbers.  The  intersection  of  the  surfaces  of  converging  and 
diverging  regions  provides  a near  sharp  edge  at  the  nozzle  throat. 

The  design  throat  and  exit  heights  for  this  nozzle  are  H,  = 8.S3  mm  and 
Ht  nozzle = 12.70  mm  respectively.  The  actual  dimensions  when  the  nozzle  is  installed  arc 
Humane  = 8.79  ± 0.04  mm  and  H„0^=  12.65  ±0.04  mm,  respectively.  The  theoretical 
Mach  number  computed  from  the  actual  dimensions  is  M,  = 1.80  (using  isentropic. 
one-dimensional  relations).  The  trailing  edge  thickness  of  the  nozzle  blocks  is  0.4  mm. 
approximately. 

The  nozzle's  contoured  surfaces  were  also  machined  at  the  Machine  Tool  Research 
Center  with  resolution  of  the  order  of  ±0.05  mm.  These  surfaces  were  polished  using  the 
same  method  described  in  Section  3.3.2. 1. 


3.3.2. 3 Mixing  tube 

The  primary  and  secondary  streams  come  into  contact  at  the  exit  plane  of  the  primary 
nozzle  and  secondary  exit  passages.  At  this  point  they  begin  to  mix  in  a constant-area 
mixing  tube  of  rectangular  cross  section  (Figure  3. 1 and  3.5).  The  mixing  tube  is  25.4  mm 
wide  and  5 1 .6  mm  high,  and  is  formed  by  two  side  walls,  a top  wall  and  a bottom  wall  which 
bolt  together  providing  the  desired  flow  passage.  All  internal  surfaces  were  polished  using 
the  method  described  in  Section  3.3.2. 1.  Linear  O-rings  provide  a face  seal  between  the 
mating  surfaces  of  the  four  walls. 

The  side  walls  were  machined  from  aluminum,  while  the  top  and  bottom  walls  were 
machined  from  brass.  Each  wall  consists  of  a long  section  (323  mm)  and  a short  section 
(177  mm)  which  are  bolted  together.  This  design  provides  two  different  mixing  tube  lengths, 
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Figure  3.5  Ejector  mixing  lube  and  traversing  impact-pressure  probe. 


used  in 


although  only  the  mi 


gth  configuration  was  used  in  this  investigation.  The  mixing 
I it  extends  500  mm  beyond  the  exit  plane  (x  = 0.  Figure  3.1). 


tube  is  bolted  to  the  plenui 

The  long  section  of  one  side  wall  was  used  for  static  pressure  measurements  and  has 
55  holes  1.59  mm  in  diameter  drilled  along  three  parallel  rows.  This  pressure  plate  can  be 
installed  upstream  or  downstream  thus  allowing  measurements  of  side-wall  pressure  along 
the  entire  length  of  the  mixing  tube.  Each  hole  is  counterbored  on  the  outer  surface,  where 
it  is  fitted  with  a nipple  consisting  of  a short  section  of  surgical  stainless  steel  tubing.  A 
section  of  plastic  tubing  60  cm  long  with  inside  diameter  of  0.S  mm  connects  each  nipple  to 


asing  quick-connect  couplings  fit 


end  of  the  tubing 


Twenty-seven  of  the  55  pressure  taps  are  spaced  every  10  mm  along  the  center  of  the 
wall  (y =0,  Figure  3.1).  The  remaining  28  taps  are  off  center,  14  on  either  side  and  spaced 
every  20  mm.  The  first  off-center  tap  is  at  y = 13.20  mm,  and  the  remaining  13  are  at 
y = 19.69  mm.  The  first  tap  in  each  row  lies  at  x = 0 when  the  plate  is  mounted  upstream. 
These  are  used  to  measure  the  exit  pressures  of  the  primary  and  secondary.  Three  taps 
provided  on  a short  side-wall  are  used  to  obtain  these  pressures  in  runs  for  which  the  long 
section  is  installed  downstream.  Figure  3.6  shows  the  side-wall  pressure  plate. 

The  long  sections  of  the  top  and  bottom  walls  have  14  equally  spaced  ports  machined 
along  their  center  (z  = 0,  Figure  3. 1 ).  These  ports  provide  access  for  the  probe  used  for 
pressure  traverses  and  the  microphone  used  for  acoustic  measurements  (as  described  in 
Sections  3.3.3  and  3.4.3,  respectively).  In  both  walls  the  ports  are  spaced  every  20  mm,  with 
the  first  one  located  25.4  mm  from  the  upstream  end.  A threaded  brass  plug  fitted  with  an 
O-ring  provides  a leak-free  seal  for  each  port.  When  the  plugs  are  installed  in  their 


57 


58 

respective  ports,  their  ends  are  within  ±0.03  mm  from  the  inside  wail  surface.  The  long  and 
short  sections  of  the  top  and  bottom  walls  can  also  be  installed  upstream  or  downstream 
interchangeably,  thus  allowing  for  pitot  traverses  and  acoustic  measurements  along  the  entire 
length  of  the  mixing  tube. 

3.3.3  Traversing  Impact-Pressure  Probe 

The  traversing  total-pressure  impact  probe  fabricated  for  this  experimental  study  is 
shown  in  Figure  3.5.  As  a result  of  the  variable  probe-interference  effect  observed  in  an 
earlier  study  (Roan  et  al„  1992),  a probe  was  built  which  resulted  in  near-constant  flow 
obstruction.  This  was  accomplished  by  attaching  an  extension  to  the  probe  stem  (i.e.  a 
dummy  stem)  to  maintain  a constant  flow  area  during  traverses.  Two  brass  plugs  with  a hole 

during  a traverse,  and  can  be  installed  in  any  of  the  14  port  locations  (Section  3.3.2.3). 

The  probe  used  was  equipped  with  a removable  sting  to  simplify  the  procedure  and 
reduce  the  time  required  to  change  the  axial  position  of  the  probe.  This  was  accomplished 
with  a special  miniature  coupling  machined  from  stainless  steel.  The  stem  and  its  extension 
are  soldered  to  the  female  part  of  the  coupling,  while  the  sting  is  soldered  to  the  male  part. 
When  the  probe  is  assembled,  the  coupling  provides  a pressure  passage  between  the  sting  and 
the  stem  and  secures  the  two  perpendicular  to  each  other.  A Buna-N  O-ring  with  a 0.79  mm 
inside  diameter  is  used  to  seal  the  mating  surfaces  of  the  coupling.  All  the  parts  of  the  probe 
assembly  are  shown  in  Figure  3.7. 

Two  stings.  25.4  mm  and  35.4  mm  in  length,  were  constructed  from  hard-tempered, 
stainless  steel  hypodermic  tubing.  The  tubing  used  has  outside  and  inside  diameters  of 
0.812  mm  and  0.508  mm,  respectively.  The  nose  of  these  stings  has  a screwdriver 
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wedge-like  shape,  and  has  a rectangular  opening  of  0.89  mm  by  0.13  mm.  approximately. 
To  obtain  this  geometry,  a narrow  strip  of  shim  slock  0.127  mm  thick  was  insetted  about 
4 mm  into  the  end  of  the  tube.  The  end  of  the  tube  was  then  clamped  together,  making  sure 
that  the  tube  collapsed  evenly  with  the  shim  stock  still  inserted  in  the  center.  The  flattened 
end  was  then  shaped  to  a wedge  using  a sharpening  stone,  and  was  polished  to  a mirror-like 
surface  with  600  grain  size  abrasive  paper  and  348  rouge. 

made  from  hard-tempered,  stainless  steel  tubing  having  outside  and  inside  diameters  of 
2.41  mm  and  1.80  mm.  respectively.  A Swagelok  coupling  was  used  to  connect  the  open 
end  of  the  stem  directly  to  a pressure  transducer. 

The  probe  is  moved  across  the  mixing  tube  (y  direction  in  Figure  3.1)  with  a 
computer-controlled  motorized  leadscrew.  The  leadscrew  assembly  is  mounted  on  top  of  the 
long  brass  wall  of  the  mixing  tube.  The  assembly  slides  in  a rail  machined  in  this  wall,  and 
can  be  locked  at  any  desired  position.  The  leadscrew  has  a pitch  of  1 0. 1 6 mm.  The  stepper 
motor  that  drives  the  leadscrew  provides  200  steps  per  revolution,  while  the  motor  driver 
allows  for  half  step  motion.  This  combination  translates  into  a traverse  resolution  of 
0.0254  mm.  The  dimensions  of  the  probe  allowed  for  a maximum  displacement  of 
46.99  mm.  which  represents  91%  of  the  mixing  tube  height.  The  motor  was  operated  at 
near-full  capacity,  resulting  in  a traverse  time  of  approximately  two  seconds.  The  time 
response  of  the  pitot-pressure  transducer  is  1 ms.  Further,  numerous  experiments  confirmed 
that  the  effective  time  response  of  transducer/probe  assembly  is  sufficiently  small  to  insure 
correct  pressure  readings  for  the  traverse  speed  used. 
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By  using  both  stings  and  the  14  pons  available,  traverses  can  be  made  between  * = 0 
and  x = 26  cm  when  the  long  walls  are  installed  upstream,  and  between  x = 17.6  cm  and 
x = 43,6  cm  with  the  walls  installed  downstream  (with  Ax  = 1 cm  in  either  case).  The 
pressure  transducer  used  in  conjunction  with  the  probe  is  mounted  on  a bracket  bolted  to  the 
traversing  nut  of  the  leadscrew.  Further  details  regarding  the  transducer  and  the  pressure 
traverse  procedure  can  be  found  in  Sections  3.4.2.3  and  3.5.2,  respectively. 


Visualization  of  the  mean  flow  field  in  the  mixing  tube  was  obtained  using  a 
continuous-light  source  Schlieren  optical  system.  This  method  was  implemented  to  help 
characterize  the  flow  structure,  particularly  near  the  supersonic  primary  core  and  the 


The  light  source  in  this  system  is  a 150  watt  Xenon  arc  lamp  (Osram  XBO150) 
mounted  in  a fan-cooled  housing  (Oriel  C-60-30)  and  powered  by  a Universal  Lamp  Power 
Supply  and  Ignitor  (Oriel  C-20).  The  light  from  the  lamp  is  focused  by  a condensing  lens 
built  into  the  lamp  housing.  A knife  edge  placed  at  the  focal  plane  of  the  lens  blocks  part  of 


mixing  tube  by  a parabolic  mirror  400  mm  in  diameter  and  having  a focal  length  of  2.5  m, 
approximately. 

The  parallel  light  beam  enters  and  leaves  the  mixing  tube  through  glass  windows 
mounted  in  custom-built  aluminum  side  walls.  The  windows  are  made  of  precision  BK7-P 
crown  glass,  and  have  a surface  flatness  of  6 wavelengths  over  the  full  length  (305  mm)  and 


i shown  in  Figure  3.8. 


light  beam.  The  light  not  blocked  by  the  knife  edge  is  then  reflected  towards  the 


staining  frame  and 


mounting  plate  which  hold  the  glass 


rubber  (Devcon,  Flexane  80m  Liquid) 


injected  in  the  gap  between  the  glass  and  the 


retaining  frame  to  seal  the  assembly  and  provide  a smooth  metal-to-glass  transition  on  the 
surface  adjacent  to  the  flow.  Sheet  gasket  material  was  used  to  provide  a face  seal  along  the 
perimeter  of  the  window,  between  the  glass  and  the  bolting  plate.  When  mounted,  the 
window  assemblies  provide  a rectangular  viewing  area  of  293  mm  by  38. 1 mm  which  allows 
observation  of  the  flow  field  beginning  roughly  at  the  throat  of  the  nozzle. 

After  passing  through  the  test  section,  the  light  beam  is  reflected  by  another  parabolic 
mirror  (identical  to  the  one  mentioned  above).  A second  knife  edge  is  placed  at  the  focal 
point  of  the  second  minor,  opposite  to  the  image  of  the  first  knife  edge,  effectively  forming 
a slit  of  the  order  of  2 mm.  A ground  glass  plate  serves  as  projection  screen  for  the  resulting 
Schlieren  image.  This  plate  is  positioned  two  focal  distances  from  the  second  mirror, 
producing  an  image  of  the  mixing-tube  viewing  area  of  approximately  the  same  dimensions. 
A 120  mm  camera  was  used  to  obtain  photographs  of  the  Schlieren  image,  and  a VHS  video 
recorder  was  used  to  obtain  a motion  picture  of  the  flow  field  image. 

All  the  components  of  the  Schlieren  system  were  installed  roughly  at  the  same  height 
as  the  mixing  tube,  to  keep  the  light  beam  near  the  y = 0 plane  of  the  mixing  tube  (see 
Figure  3. 1 ).  Photographs  were  taken  with  the  knife  edges  oriented  parallel  and  perpendicular 
to  the  flow  direction.  The  included  angle  of  beam  reflection  on  the  minors  was 
approximately  five  degrees.  Using  small  reflection  angles  helps  minimize  the  optical 
aberrations  introduced  by  the  minors. 


3.3.5  Vacuum  Exhaust  Svs 


The  test-section  pressure  required  for  the  investigation  was  obtained  with  a vacuum 
exhaust  system.  This  system  consists  of  a transition  diffuser,  a back -pressure  control  valve, 
the  exhaust  line,  four  vacuum-storage  tanks,  and  a high-capacity  vacuum  pump.  A schematic 
of  this  system  is  shown  in  Figure  3.9. 

The  transition  diffuser  is  located  immediately  downstream  from  the  mixing  tube.  The 
diffuser  is  760  mm  long,  and  it  has  a rectangular  inlet  50.8  mm  high  by  25.4  mm  wide  and 
a circular  exit  102.3  mm  in  diameter.  The  body  of  the  diffuser  is  made  of  4.76  mm  thick, 
304  stainless  steel  sheet,  and  consists  of  two  identical  sections  bent  to  the  desired  shape  using 
about  20  bends  and  welded  together.  The  resulting  geometry  has  a 4.82°  average  included 
divergence  angle  and  an  exit-to-inlet  area  ratio  of  6.4.  Stainless  steel  flanges  are  welded  at 
each  end  of  the  body  and  connect  the  diffuser  to  the  mixing  tube  and  the  exhaust  line. 

through  a 4 in.  diameter  PVC  pipe.  A 4 in.  vacuum  butterfly  valve  is  mounted  in  this  pipe 
downstream  from  the  diffuser,  and  is  used  to  control  the  test-section  pressure.  This  valve 
was  originally  mounted  immediately  after  the  diffuser.  However,  early  tests  showed  that  in 
this  proximity  the  valve  induces  flow  separation  inside  the  diffuser,  forcing  the  flow  inside 
the  mixing  tube  to  be  skewed.  As  a result,  the  valve  was  moved  farther  downstream,  roughly 
30  pipe  diameters  from  the  diffuser  exit.  The  flow  field  in  the  mixing  tube  was  significantly 
more  centered  with  the  valve  in  this  new  position. 

The  PVC  pipe  leads  to  four  cylindrical  tanks  manifolded  together,  identical  to  those 
used  in  the  high-pressure  air  supply.  These  tanks  are  evacuated  before  and  during  runs  with 
a 1 65  cfm  (0.078  m3/s)  Kynney  vacuum  pump.  The  pump  is  capable  of  blank-off  pressures 
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of  0. 1 3 kPa  with  the  gas  ballast  fully  opened.  Although  every  effort  was  made  to  seal  the  test 
section  and  the  exhaust  system  completely,  a totally  leak-free  system  of  this  scale  is  nearly 
unattainable.  The  leaks  that  remained,  however,  were  considered  negligible  for  the  purpose 
of  this  study.  Because  some  leaks  persisted,  the  lowest  tank  pressure  prior  to  a run  was 
between  2.4  kPa  and  3.4  kPa,  approximately.  This  pressure  was  sufficiently  low  to  keep  the 
butterfly  valve  choked  at  all  times  and.  hence,  maintain  the  test-section  pressure  nearly 
constant.  The  vacuum  level  was  monitored  before  and  during  runs  in  the  same  fashion  as 
the  air  supply  pressure  to  insure  consistency  between  runs. 


3.4  Instrumentation 

Different  types  of  instrumentation  and  measurement  methods  were  used  to  gather  the 
necessary  data.  Among  the  parameters  of  interest  are  total,  static  and  impact  pilot  pressures; 
total  temperatures;  and  sound  pressure  levels  and  acoustic  spectra.  The  details  regarding 
each  type  of  measurement  are  provided  in  the  following  sections,  and  a summary  of  the 
instruments  used  and  their  specifications  is  provided  in  Appendix  A. 

With  the  exception  of  side-wall  pressure  measurements  and  the  atmospheric  pressure, 
obtained  with  a mercury  manometer  and  a barometer,  respectively,  most  measurements  were 
obtained  electronically  using  a 12  MHz  AT-type  personal  computer  (PC).  This  was  done  by 
collecting  the  analog  signal  from  the  various  measurement  devices  with  two  16-channel 
multiplexers  (Acces  AIM-16(P)).  The  output  signal  from  each  pressure  transducer  was 

extension  wires  were  shielded  using  steel  braid  shielding  and  were  assigned  to  multiplexer 
channels  that  have  an  electronic  ice-point  compensation. 
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The  multiplexers  were  connected  to  a moderate  speed,  analog  and  digital  (A/D) 
computer  board  having  12-bit  data  resolution  (Acces  ADI2-8).  Digital  output  from  the  A/D 
board  was  also  used  to  control  two  electronic  relays  which  energize  the  flow  shutoff  solenoid 
valve  and  the  solenoid  valve  used  for  venting  the  air  supply  tanks.  The  run  control  and  data 
acquisition  program  was  written  in  Quick  Basic  4.5  (Section  3.5.6).  resulting  in  a maximum 
A/D  throughput  of  9000  single-channel  samples  per  second.  The  multiplexers  and  the  A/D 
board  were  calibrated  prior  to  the  experiments  using  a precision  voltage  source,  and  were 
checked  periodically  for  proper  operation  along  with  the  rest  of  the  instrumentation. 

3.4.1  Total  Temperature  Measurements 

The  total  temperature  of  the  primary,  T0 ,.  and  secondary,  T0  2.  were  approximated 
by  measuring  the  air  temperature  with  thermocouples  mounted  in  the  plenums,  as  described 
in  Section  3.3.2.I.  Two  Omega  type-T  (copper-constantan)  thermocouples  with  an  exposed 
junction  and  having  a sheath  diameter  of  1 .59  mm  were  mounted  in  the  plenums;  one  was 
mounted  in  the  primary  plenum  and  one  in  the  top  secondary  plenum.  The  thermocouples 

approximately.  Because  the  Mach  number  in  all  plenums  is  approximately  0.086  for  all 
cases  considered,  the  total  temperatures  are  underestimated  by  less  than  0.2%. 

3.4.2  Pressure  Measurements 

Pressure  measurements  were  obtained  using  several  transducers  and  a 30-column 
mercury  manometer.  The  total  pressures  for  the  primary  and  secondary,  impact  pitot 
pressure,  air  supply  pressure,  and  orifice-plate  static  pressures  were  all  measured  with 
transducers.  Side-wall  static  pressures  were  measured  with  transducers  and  also  with  the 
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mercury  manometer.  The  output  of  all  transducers  was  checked  after  a warm-up  period, 
prior  to  a series  of  tests,  to  measure  their  zero  shift.  The  zero  shift  was  then  used  by  the  data 
acquisition  code  to  correct  the  measurements. 


3.4.2. 1 Total  pressure 

The  total  pressure  of  the  primary  (P0 , ) and  each  secondary  (P0  !l  and  Poa)  were 
approximated  by  measuring  the  wall  static  pressures  inside  the  respective  plenums.  These 
pressures  were  measured  with  transducers  connected  to  side-wall  pressure  taps  described  in 
Section  3.3.2. 1.  The  primary  plenum  pressure  was  measured  with  a 413  kPa  gage  pressure 
transducer  (Omega  PX 1 8 1 G-5V).  The  secondary  plenum  pressures  were  measured  with  two 
207  kPa  differential  pressure  transducers  (Micro  Switch  140PC).  The  low-pressure  side  of 
the  differential  transducers  was  connected  to  the  plenums  and  the  high-pressure  side  was  left 
open  to  the  atmosphere. 

Absolute  pressures  were  determined  from  these  measurements  and  the  atmospheric 
pressure  reading.  Because  the  flow  velocities  inside  the  plenums  are  low  (M  * 0.086).  the 
use  of  static  pressure  as  an  approximation  to  total  pressure  resulted  in  errors  smaller 
than  -0.5%. 

3.4.2.2  Static  pressures 

Static  pressures  were  measured  at  different  locations  throughout  the  rig  using 
side-wall  pressure  taps.  These  included  (I)  the  pressures  across  the  total-flow  and 
secondary-flow  orifice  plates.  (2)  the  primary  and  secondary  exit  static  pressures,  and  (3)  the 
side-wall  pressures  along  the  mixing  tube. 
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The  upstream  pressure  and  the  pressure  drop  across  each  flow  orifice  (P„,  and 
Apo = Pot  - po3>  were  measured  using  two  transducers.  A 2070  kPa  gage  transducer  (Omega 
PX24 1 -5V)  and  a 69.0  kPa  differential  transducer  (Valydine  DB 1 5.  connected  to  a Valydine 
CD15  carrier  demodulator)  were  used  with  the  total-flow  orifice  for  Pol  and  AP0, 
respectively.  The  reading  from  the  first  transducer  also  corresponds  to  the  air  supply 
pressure.  For  the  secondary-flow  orifice,  differential  transducers  (Valydine  DB  1 5 connected 
to  Valydine  CDI5  carrier  demodulators)  with  ranges  of  103  kPa  and  69.0  kPa  were  used  for 
P„i  and  AP0.  respectively.  Here,  the  upstream  pressure  transducer  was  connected  to  give  the 
difference  between  ambient  and  line  pressures. 

The  primary  and  both  secondary  exit  pressures  (Pkl,  PUl  and  Pl2b)  were  measured 
with  differential  pressure  transducers  having  a range  of  69.0  kPa  (Micro  Switch  I40PC). 
These  transducers  were  connected  to  measure  the  difference  between  ambient  pressure  and 
the  test-section  static  pressure.  The  same  type  of  transducers  and  installation  was  used  to 
measure  static  pressures  at  all  axial  locations  where  pitot  traverses  were  made.  In  doing  this, 
three  transducers  were  connected  at  the  same  streamwise  position  of  the  probe,  one  on  each 
row  of  side-wall  pressure  taps  (Section  3.3.2.3J. 

Side  wall  static  pressures  were  also  measured  using  a 30-column  mercury  manometer 
(Merian  Instrument  Co.,  model  33M 1335).  The  manometer  has  three  banks  of  ten  columns; 
each  bank  has  a separate  mercury  reservoir.  A 2-m  section  of  plastic  tubing  with  an  inside 
diameter  of  0.8  mm  was  connected  to  each  column.  Couplings  like  those  described  in 
connect  these  plastic  tubes  with  those  on  the  mixing  tube  side-wall. 


Section  3.3.2.3  ■ 


Impact  pitot  pressure  (P^,)  was  measured  using  a differential  pressure  transducer  with 
a range  of  4 1 4 kPa  ( Valydine  DB 1 5 connected  to  Valydine  CD1 2 carrier  demodulator).  This 
transducer  was  connected  to  measure  the  difference  between  pitot  pressure  and  the  side-wall 
pressure  at  y = +19.69  mm.  at  the  streamwise  position  of  the  probe  (i.e.  the  transducer 
measurement  corresponds  to  AP  = Ppt,(x.y)  - P,(x.y  = +19.69  mm)).  The  static  pressure 
P,(x,y  = +19.69  mm)  was  independently  measured  with  a transducer  as  explained  in  3.4.2.2 
and  was  used  to  determine  Ppll. 

3.4.3  Microphone  for  Acoustic  Measurements 

Sound  pressure  measurements  of  the  flow  acoustic  emissions  were  obtained  using  a 
Kulite  temperature-compensated,  high-intensity,  miniature  microphone  (model 
MIC-062-LT).  The  sensing  element  of  the  microphone  consists  of  a four-arm  Wheatstone 
Bridge  mounted  on  a silicon  diaphragm  1.57  mm  in  diameter.  This  element  is  housed  in  a 
cylindrical  case  31.75  mm  long  and  1.63  mm  in  diameter.  The  microphone  has  a dynamic 
range  of  100  to  190  db  and  nearly  flat  response  to  50  kHz,  and  can  be  used  in  pressures  of 
up  to  172  kPa.  The  transducer  has  a sensitivity  of  - 129.12  db  at  1 trbar  and  a reference 
voltage  of  IV  (i.e.  3.50  *iV/Pa),  when  the  supply  voltage  is  15.00  VDC.  The  output  is 
compensated  over  the  temperature  range  of  -55°C  and  120°C,  and  has  a thermal  sensitivity 
of  ±0.5  db/100°F.  The  dynamic  range,  small  size  and  rugged  construction  of  this  transducer 
are  ideal  for  measurements  and  installation  purposes. 

A brass  plug  like  the  ones  described  in  Section  3.3.2.2  was  specially  adapted  for 
mounting  the  microphone  (Figure  3.10(a)).  The  cap  and  body  of  this  plug  can  be  separated 
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(b) 


Figure  3. 10  Microphone  used  for  sound  measurements 

(a)  microphone  installation  in  brass  plug,  (b)  complete  microphone  assembly. 


: is  drilled  through  t 
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for  installation  or  removal  of  the  microphone.  A 1 .7  mm  diameter  hole 
center  of  the  plug  assembly  and  is  used  for  mounting  the  microphone.  Two  O-rings 
separated  by  a brass  sleeve  are  slipped  over  the  end  of  the  microphone,  and  provide  a tight 
seal  when  the  cap  and  body  of  the  plug  are  fastened  together.  The  end  of  a 2.5  in.  section  of 
stainless-steel  tube  is  braced  to  the  cap  in  a counterbore  machined  at  the  mounting  hole 
opening.  This  tube  serves  as  a rigid  shield  which  protects  the  microphone's  pressure 
reference  tube  from  bending  and  possible  clogging  or  damage.  A small  orifice  drilled  on  the 
side  ensures  that  the  reference  tube  is  at  atmospheric  pressure. 

The  No.  38  AWG  input  and  output  leads  of  the  microphone  and  the  temperature 
compensation  module  were  encased  in  PVC  flexible  tubing  for  protection.  The  flexible 
tubing  was  in  turn  passed  through  a steel  cable  shield  which  prevented  contamination  of  the 
signal  and  provided  additional  protection  for  the  wiring.  Gold  plated  connectors  were 
soldered  to  the  signal  leads  to  ensure  maximum  signal  transfer.  Figure  3.10(b)  shows  the 
complete  microphone  installation. 

A custom  built  DC  power  supply  was  used  to  provide  the  required  input  to  the 

included  two  filtering  capacitors  and  a voltage  regulator.  The  output  of  this  power  supply 
is  1 5. 1 9 VDC.  resulting  in  an  effective  microphone  sensitivity  of  3.55  MV/Pa.  A schematic 
of  the  power  supply  is  shown  in  Figure  3.11. 

The  output  of  the  microphone  was  fed  to  a pre-amplifier  (Stanford  Research  Systems 
Model  SR  520).  The  signal  was  AC  coupled  using  the  amplifier's  0.03  Hz  high-pass  filter 
and  the  1 MHz  low-pass  filter  (DC  to  I MHz).  The  signal  was  amplified  using  gains  of  20 


voltage 


Figure  3. 1 1 Schematic  of  DC  power  supply  for  microphone. 


A two-channel,  Tektronix  Fourier  Signal  Analyzer  (Tektronix  2642)  was  then  used 
to  obtain  the  autospectrum  and  acoustic  sound  pressure  level  (SPL)  from  the  signal.  The 
analyzer  has  an  input  amplifier  with  maximum  full-scale  settings  ranging  from  ±14  mV  to 
±10  V,  and  an  A/D  converter  with  12  bits  of  precision.  The  analyzer  has  several 
inpul-frequency  bandwidths  ranging  from  DC  to  200  MHz,  a maximum  frame  size  of  4096 
data  samples,  and  a maximum  of  1600  spectral  lines  (i.e.  sampling  factor  of  2.56).  The 
signal  was  AC  coupled  in  all  tests  using  bandwidths  of  10, 20, 50  and  100  kHz,  and  1600 
spectral  lines;  the  resulting  bandwidth  resolutions  are  6.25,  12.50,  31.25  and  62.50  Hz, 
respectively.  The  frequency  accuracy  specified  by  the  manufacturer  is  ±0.01%. 

3.5  Test  Procedure  and  Run  Sequence 

The  lest  procedures  used  were  adopted  after  evaluating  the  behavior  and  fine  tunning 
the  response  of  the  rig.  Many  of  these  procedures  were  changed  during  the  initial  stages  of 
the  experiments  and.  in  some  cases,  modifications  were  made  to  the  rig  and/or  the 
instrumentation  to  ensure  satisfactory  performance  of  the  apparatus.  Below  is  a description 
of  the  experimental  procedures  that  were  critical  to  the  experiments.  The  test-run  and 
data-acquisition  sequence  is  also  outlined. 

3.5.1  Adjustment  of  Flow  Conditions  and  General  Test  Procedures 

Among  the  most  essential  steps  of  the  experiments  was  to  establish  the  desired  flow 
conditions  for  a given  test  run.  In  this  discussion,  the  flow  conditions  are  the  total  and  exit 
pressures  of  the  primary  and  secondary  streams.  The  primary  flow  was  adjusted  first  because 
the  pressure  ratio  of  the  supersonic  nozzle  is  fixed  and.  hence,  the  total  and  exit  pressures  are 
nearly  independent  of  the  back  pressure  (i.e.  mixing-tube  pressure).  The  primary  flow  valves 
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were  opened  until  the  primary  exit  pressure  reached  the  desired  level.  Once  the  primary  flow 
was  set,  the  secondary  flow  valves  and  the  back-pressure  valve  were  adjusted  simultaneously 
until  the  desired  pressures  settings  were  reached.  This  required  many  trials  as  the  secondary 
flow  and  test-section  pressure  are  not  independent  (for  the  secondary  flow  is  subsonic  and 
unchoked).  To  obtain  consistent  results,  the  same  start-up  air-supply  and  vacuum  pressures 
were  used  during  flow  adjustment  and  during  data  collection. 

For  Schlieren  mns,  the  flow  conditions  were  first  adjusted  with  the  side-wall  pressure 
plate  in  place  of  one  of  the  two  windows,  as  the  glass  windows  do  not  allow  measurement 
of  the  exit  pressures.  Once  the  flow  rates  were  adjusted,  the  second  window  was  installed 
and  only  the  test-section  back  pressure  was  adjusted  (if  necessary)  by  opening  or  closing  the 
4 in.  butterfly  valve. 

After  the  flow  conditions  were  set,  the  test  run  was  made  and  data  were  collected. 
A preselected  settling  time  was  allowed  once  the  air  flow  started  before  taking  any 
measurements.  In  most  instances,  a 2-second  settling  time  was  sufficient  to  allow  the  flow 
field  and  the  instruments  to  reach  near  steady  state  conditions  (results  presented  in  Chapter 
4,  Section  4.6. 1 , justify  using  short  settling  times).  In  runs  made  for  manometer  readings  this 
time  was  increased  to  6 seconds.  The  time  required  for  actual  data  acquisition  was  roughly 
between  two  and  three  seconds,  depending  on  the  type  of  measurement.  The  vacuum  pump 
allowed  for  pump-down  times  between  runs  of  one  to  four  minutes,  depending  on  the  test 
case  and  the  type  of  measurement  that  was  made. 

Separate  test  series  (i.e.  sets  of  test  runs)  were  made  to  obtain  pitot-pressure  traverses, 
side-wall  static-pressure  measurements,  Schlieren  visualization,  and  acoustic  measurements. 
Some  mns  were  made  for  data  validation  and  included  pitot  pressure  traverses  and  one  of  the 


tied  total  of  706 1 


other  three  types  of  measurements.  A combin 
the  desired  database. 

The  flow  conditions  were  always  recorded  at  the  beginning  and  at  the  end  of  each  run 
by  taking  an  average  of  ten  samples  for  each  pressure  transducer  and  thermocouple  reading. 
With  the  exception  of  Schlieren  runs,  a test  was  considered  successful  if  the  exit  pressures 
at  the  beginning  of  the  ran  were  within  ±0.34  kPa  (i.e.  \%  or  less)  of  the  desired  values. 
Stagnation  pressures  were  used  to  check  the  flow  conditions  in  Schlieren  runs. 

3.5.2  Pressure  Traverse  Runs 

In  a typical  traverse  an  impact-pressure  reading  was  taken  at  the  starting  position  of 
the  probe  (y  = +23.495  mm),  and  after  each  incremental  motion  (Ay  = 0.0254  mm)  through 
the  46.99  mm  traverse  (i.e.  1 85 1 pressure  readings).  The  electronic  step  counter  in  the  motor 
controller  is  read  by  the  computer  and  provides  a record  of  the  probe  position  corresponding 
to  each  pressure  reading.  Traverses  were  obtained  at  a number  of  sueamwise  positions 
between  the  inlet  and  exit  planes  of  the  mixing  tube.  Tables  B.l  and  B.2  in  Appendix  B 
show  the  positions  where  traverses  were  made  for  each  test  case.  A total  of  282  test  runs 
were  required  to  complete  these  measurements,  not  including  those  made  to  obtain  the 
redundant  measurements.  To  minimize  time  consuming  hardware  changes,  all  the  traverses 
needed  at  a given  streamwise  position  were  obtained  prior  to  moving  the  probe  to  a different 
port  (with  a few  exceptions  which  are  discussed  in  Chapter  4.  Section  4.3.3).  After  each  ran 
the  data  was  visually  checked  by  plotting  it  on  the  computer  screen. 

Several  traverses  were  repeated  for  validation,  including  those  at  x = 0 and 
x = 43.62  cm  (inlet  and  exit  planes)  for  all  test  cases.  For  test  cases  with  relatively  high 
primary  flow  rates  (8-1 1 ),  a few  probe  positions  resulted  in  choking  of  the  flow  inside  the 


nixing  tube.  When  this  happened,  t 
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the  lowest  attainable  secondary  exit  pressure  was  higher 


than  the  desired  exit  pressure  (P^2  a 34.5  kPa).  However,  a traverse  was  still  made  provided 
this  condition  was  not  too  severe  (P^  s 35.3  kPa). 


Manometer  readings  were  obtained  from  black-and-white  photographs  of  the 
manometer  taken  after  the  settling  period.  Figure  3.12  shows  a typical  photograph  taken 
during  a static-pressure  run.  The  manometer  has  fluorescent  back  lights  which  allow 
exposures  of  1 /500th  second.  Each  photograph  was  identified  by  a label  attached  to  the 
manometer  indicating  the  test  ran  and  the  column/pressure-tap  configuration  used.  Because 
the  manometer  cannot  accommodate  all  55  pressure  taps  at  once,  the  centerline  taps  and  the 
off-center  taps  were  connected  to  the  manometer  in  separate  runs.  The  connectors  on  the 
plastic  tubing  (Section  3.3.2.3)  helped  reduce  the  time  required  to  make  this  switch,  thus 
resulting  in  no  significant  delays  between  runs. 

Two  photographs  were  taken  in  separate  runs  for  each  test  case  and 
manomeler/pressure-tap  configuration  to  establish  repeatability.  It  was  found  that 
measurements  obtained  from  the  two  photographs  were  nearly  always  within  12.7  mm  Hg 

were  used  to  compute  average  side-wall  pressures.  This  procedure  was  followed  with  the 
side-wall  pressure  plate  installed  in  the  upstream  and  downstream  positions.  The  two 
mounting  positions  provide  an  overlap  of  measurements  in  the  region  between  x = 18.0  cm 
and  x = 26.6  cm.  All  measurements  needed  at  one  position  were  completed  before  moving 
the  pressure  plate.  The  side-wall  pressure  measurements  required  a total  of  88  runs  (i.e.  eight 


photographs  per  test  case). 
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Figure  3.12  Photograph  of  the  30- 
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The  first  column  in  each  bank  was  always  connected  to  the  top  secondary 
exit-pressure  tap,  and  was  used  as  a reference  for  the  other  nine  columns  in  the  bank.  This 
method  ensured  that  every  column  in  the  manometer  was  referenced  to  the  same  pressure. 
The  secondary  pressure  was  chosen  as  reference  instead  of  the  ambient  pressure  because  it 
resulted  in  shorter  stabilization  periods.  Atmospheric  pressure  and  ambient  temperature 
readings  were  recorded  periodically,  and  were  used  with  the  secondary  pressure  to  convert 
the  manometer  readings  to  absolute  pressures  (see  Appendix  C for  details). 

3-5.4  Acoustic  Measurements  Runs 

Acoustic  emissions  were  measured  for  all  test  cases  at  selected  axial  microphone 
positions  (Table  B.3,  Appendix  B).  Measurements  were  made  in  the  first  two-thirds  of  the 
mixing  tube,  between  x = 2.54  cm  and  x = 28.54  cm.  Preliminary  tests  showed  that  all 
significant  flow-generated  screech  occurred  in  the  first  half  of  this  region.  Most 
measurements  were  obtained  with  the  microphone  installed  in  the  top  wall.  A few  rans  were 
made  with  the  microphone  mounted  on  the  lower  wall  for  comparison  of  the  measurements. 
A total  of  234  rans  were  made  for  these  series  of  tests,  although  only  selected  results  are 
presented  here  in  Chapter  4.  Because  the  microphone  can  be  moved  between  ports  rapidly, 
all  the  rans  needed  for  a given  test  case  were  completed  before  changing  the  flow  conditions. 

For  most  microphone  positions  the  autospecmim  of  the  acoustic  emissions  was 
obtained  using  additive  averaging  of  10  frames,  and  sampling  bandwidths  of  0 - 20  kHz, 
0-50  kHz  and  0 - 100  kHz  (i.e.  three  rans  for  each  position).  Doubling  the  number  of 
frames  resulted  in  no  significant  gains  in  repeatability.  Collecting  the  additional  data. 
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transient  effects  inherent  to  blowdown  experiments.  Data  was  collected  using  the  smallest 
possible  input  gain  to  minimize  analog-to-digita!  quantization  errors. 


on  the  character  of  the  flow  field  and.  hence,  on  the  other  parameters  that  were  measured. 
These  validation  experiments  were  limited  to  two  or  three  test  cases.  In  these  tuns,  side-wall 
static  pressures  or  acoustic  emissions  were  measured  with  the  probe  installed  in  the  mixing 

Static-pressure  measurements  were  repeated  for  lest  cases  1 . 5.  and  9.  with  the  probe 
installed  at  x = 12  cm  and  x = 26  cm.  For  these  measurements,  only  the  upstream 
pressure-plate  position  (0  s x s 26  cm)  was  considered  and  three  photographs  were  used  to 
compute  average  pressures.  For  the  acoustic  measurements  the  probe  was  mounted  at 
x - 12  cm  and  x = 26  cm.  and  data  was  collected  for  input  bandwidths  of  20  kHz.  50  kHz. 
and  100  kHz  for  the  same  test  cases.  A total  of  72  static-pressure  runs  and  30 
acoustic-measurement  runs  were  required  for  these  sets  of  tests.  Schlieren  photographs  were 
also  obtained  for  the  test  cases  1 ( baseline  case)  and  5,  with  the  probe  installed  at  x = 7 cm. 

3.5.6  Run-Control  Code 

Control  of  the  lest  runs  and  data  acquisition  was  accomplished  with  a computer  code 
written  in  Quick  Basic  4.5,  specially  tailored  to  this  investigation  to  ensure  proper  data 
acquisition  and  data  validity.  In  addition,  several  safety  checks  are  implemented  by  the  code 
to  reduce  the  possibility  of  damage  to  the  rig  as  a result  of  equipment  malfunction  or  operator 
error.  Following  is  a brief  outline  of  the  test-run  sequence. 
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>•  The  lesi-case  flow  conditions  (i.e.  test  case  number  and  Pu  and  Pt!  or  P0 , 
and  P0J),  the  type  of  run  desired  (traverse,  side-wall  pressures,  acoustic,  or 
Schlieren),  and  the  instrument  positions  (streamwise  position  for  the  probe 
or  microphone,  etc.)  are  read  from  a pre-established  data  file.  Output  data 
files  are  opened  as  necessary. 

2a.  For  pitot-pressure  traverses  the  motor  controller  is  initialized  for  the  desired 
traverse  motion  and  the  probe  is  positioned  for  a traverse. 

2b.  For  acoustic-measurement  runs  the  Fourier  analyzer  is  initialized  for  transient 

data  capture  (input  amplifier  gain,  bandwidth,  and  number  of  frames). 

3.  The  operator  is  prompted  to  check  for  proper  instrument  settings,  hardware 
configuration,  etc.,  as  required  for  the  given  test  ran. 

4.  Operator  enters  (a)  current  ambient  temperature  and  pressure,  (b)  tolerance 
bounds  for  test-ran  flow  conditions,  and  (c)  settling  lime  and  minimum 
vacuum  level  at  the  start  of  the  flow.  Checking  for  vacuum  level  served  as 
a safety  feature  to  prevent  accidental  ovcrpressurization  of  the  system  (e.g. 

5.  The  A/D  board  is  initialized  and  the  instrumentation  is  assigned  to  the 


6.  The  apparatus  is  ready  for  a ran  and  the  operator  is  prompted  to  initiate  the 
ran  from  the  keyboard.  Here,  the  operator  can  monitor  the  air  supply  pressure 


before  the  ran.  The 
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operator  can  also  reenter  any  of  the  parameters  in  (4)  or  abort  the  run  at  this 

The  solenoid  valve  is  opened  to  start  the  air  flow,  provided  the  vacuum 
pressure  is  equal  or  below  the  input  value. 

After  the  required  settling  time,  ten  samples  are  read  for  each  transducer  and 
thermocouple  at  a rate  of  1864  samples  per  second.  All  signals  are  convened 
to  temperatures  and  pressures  using  the  corresponding  instrument 
calibrations,  and  the  average  and  standard  deviation  of  each  measurement  are 
computed.  At  this  point  the  readings  are  checked  for  (a)  system 
overpressurization  and  (b)  incorrect  flow  conditions.  If  either  condition 
exists,  the  test  ran  is  aborted  and  the  operator  is  provided  with  a report  on  the 


immediately  after  each  change  in  position-counter  reading  (Section  3.3.3). 
It  was  found  that  three  to  eight  readings  could  be  obtained  for  each  counter 

For  side-wall  static  pressure  runs  the  operator  is  prompted  to  take  a 
photograph  of  the  mercury  manometer. 

For  Schliercn  runs  the  operator  is  prompted  to  take  a photograph  of  the 
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are  read  for  each  transducer  and  thermocouple  at  a rate  of  1864 
samples  per  second.  All  signals  are  convened  to  temperatures  and  pressures 
using  the  corresponding  instrument  calibrations,  and  the  average  and  standard 
deviation  of  each  measurement  are  computed.  These  cnd-of-run  averages  are 


11.  The  air-supply  solenoid  valve  is  closed. 

12.  For  traverse  runs,  the  probe  is  returned  to  its  initial  position, 

13.  Primary  and  secondary  flow  rates  and  Mach  numbers  are  computed. 

14.  A summary  of  the  test-run  flow  conditions  is  printed  to  the  screen. 

1 5.  The  data  collected  as  well  as  some  test  ran  parameters  and  instrument  settings 
(e.g.  settling  time,  initial  air  supply  pressure,  tolerance  bounds  for  test 
conditions,  amplifier  gains,  etc.)  are  stored  in  the  output  file. 

16.  The  test  is  terminated.  In  pitot-pressure  runs,  the  operator  is  given  the  option 
of  displaying  the  pressure  profile  on  the  screen  or  terminating  the  test. 


CHAPTER  4 

EXPERIMENTAL  RESULTS 


4.1  Measured  How  Conditions 

The  How  conditions  for  the  experimental  test  matrix  are  summarized  in  Chapter  3. 

primary  and  secondary  streams.  The  primary  nozzle  was  never  overexpanded  in  these 
experiments  and.  therefore,  the  primary  pressures  are  related  by  the  nozzle  pressure  ratio  and 
cannot  be  adjusted  independently.  Because  ( 1 ) primary  underexpansion  is  the  main  the  focus 
of  this  study,  and  (2)  the  extent  of  underexpansion  is  more  directly  given  by  the  difference 
between  exit  pressures,  the  exit  pressure  was  chosen  as  the  controlled  parameter  for  the 
primary. 

Among  the  objectives  of  this  investigation  are  to  provide  a detailed  and  precise 

throughout  the  experiments,  particularly  in  pitot-pressure  traverse  and  side-wall  pressure  runs 
as  these  measurements  are  used  for  quantification  of  the  different  flow  fields.  Ensuring 
consistent  flow  conditions  was  not  an  easy  task,  given  that  the  test  procedure  in  many 
instances  required  resetting  these  conditions  many  times  for  each  test  case.  For  example,  for 
pitot-pressure  runs  the  flow  for  each  test  case  was  adjusted  at  each  probe  position,  as  all  the 
data  needed  at  a given  position  was  collected  before  moving  the  probe  to  a different  port. 


presented  and  di: 
relation  to  the  developme 


nainder  of  this  chapter,  the  fundamental 
il.  The  analysis  and  inteipretation  of  these 


of  the  flow  field  an 


The  primary  and  secondary  flow  conditions  measured  for  the  pitot-pressure  traverse 
and  side-wall  pressure  test  series  are  given  in  Tables  4.1  and  4.2,  respectively.  The  standard 
deviations  are  given  for  the  pressures  in  terms  of  percentage  of  the  corresponding  average 
values.  The  values  listed  are  the  test-case  averages  for  all  runs  made  in  the  test  series,  and 
are  based  on  single-run  mean  measurements.  The  single-run  mean  pressures  were  computed 

Section  3.5.6.  The  initial  and  final  Mach  numbers  for  each  run  were  calculated  (details  in 
Appendix  C)  using  the  corresponding  pressures  and  the  isentropic  relation 


M - . hr 
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(4.1) 


As  seen  from  Tables  4. 1 and  4.2.  in  both  test-series  the  average  total  and  exit 
pressures  for  the  primary  are  within  1.2%  and  0,5%,  respectively,  of  the  intended  values 
(Table  3.1).  The  test-series  average  pressures  for  the  secondary  are  within  1.0%  and  0.8%. 
respectively.  The  differences  observed  are  comparable  to  the  accuracy  of  the  measurements 
and  can  be  considered  acceptable  for  the  purpose  of  this  investigation.  Further,  the  relatively 
small  standard  deviations  indicate  that  the  single-run  mean  flow  conditions  are  also  close  to 
the  nominal  test  conditions.  The  standard  deviation  of  the  total  primary  pressure  is  no  more 
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lhan  3.1%  of  the  test-series  average.  The  standard  deviations  of  the  remaining  pressures  are 
all  less  0.75%  of  the  corresponding  averages.  These  results  show  that  the  experimental  flow 
conditions  follow  the  intended  test  plan  closely. 

Similarly,  in  both  test-series  the  Mach  numbers  are  maintained  within  0.4%  and  3.4% 
of  the  intended  values  for  the  primary  and  secondary,  respectively.  The  secondary  Mach 
numbers  deviate  slightly  more  from  the  nominal  value  (M2  = 0.35).  This  can  be  attributed 
to  two  factors.  First,  the  secondary  pressures  were  roughly  about  1/6  of  the  full  range  of  the 
bidirectional  differential  transducers  used.  As  a result,  the  accuracy  of  instrument  readings 
was  more  critical  for  these  measurements  (sec  Appendix  C.l).  Secondly.  Mach  number 
varies  rapidly  at  pressure  ratios  near  unity  (Pu/P0-  1.088  for  M,  = 0.35)  and  any 
fluctuation  in  the  secondary  pressure  readings  are  reflected  in  the  Mach  number  accordingly 
(see  Equation  3.1). 

More  important  than  the  precision  of  the  value  of  the  "average"  flow  conditions  are 
the  magnitudes  of  variation  of  the  flow  conditions  during  each  test  run.  Inspection  of  the 
data  shows  that  the  total  and  exit  pressures  for  the  primary  dropped  during  runs  by  an 
average  of  less  than  0.7%.  The  average  pressure  change  for  the  secondary  was  less  than 
0.3%  and  1 .4%,  for  the  pitot-pressure  traverse  and  side-wall  pressure  test  series,  respectively. 
This  confirms  that  the  pressurized  air  supply  was  sufficient  to  provide  the  necessary  flow 

4,1,2  Acoustic  Measurements  and  Schlieren  Test  Series 

The  flow  conditions  for  the  acoustic  measurements  and  Schlieren  test  series  are  given 
and  4.4,  respectively.  Mach  numbers  are  not  given  for  the  Schlieren  tests  as 


in  Tables  4.3 ; 
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Table  4.3  Row  conditions  for  the  Schlieren  test  scries. 


s.  Table  4.3  sho 


comparable  lo  those  for  the  pitot-pressure  and  side-wall  pressure  runs.  For  the  primary,  the 
total  pressure  is  always  within  1.6%  - 3.4%  of  the  nominal  setting,  and  the  exit  pressure 
differs  by  less  than  0.7%  from  the  nominal  value.  All  secondary  pressures  are  within  1.2% 
of  the  nominal  values.  The  primary  Mach  number  is  within  1 .3%  of  the  nominal  M , = 1 .8. 
and  the  secondary  Mach  numbers  are  within  3.9%  of  the  desired  M?  = 0.35. 

In  the  case  of  the  Schlicren  runs,  it  was  not  always  possible  to  duplicate  the  nominal 
flow  conditions  as  precisely  as  it  was  done  for  the  other  test  series.  As  explained  in  Section 
3.5. 1 . for  these  mns  the  test  conditions  were  adjusted  with  the  pressure  plate  mounted  in  lieu 
of  one  of  the  glass  windows  to  allow  measurement  of  the  exit  static  pressures.  Upon 
replacing  the  pressure  plate  with  the  second  window,  it  was  always  necessary  to  adjust 
further  the  test-section  pressure  with  the  back-pressure  butterfly  valve  (Section  3.3.5).  In 
addition,  the  total  primary  pressure  was  always  between  3.6%  and  4.3%  lower  than  the 
nominal  values  when  both  glass  windows  were  installed,  despite  the  fact  that  the  primary 
flow  was  unchanged.  The  average  total  pressures  for  the  secondary  were  within  0.9%  of  the 
desired  values. 

must  result  in  different  skin-friction  losses.  The  cross  section  of  the  mixing  tube  can  also 
vary  slightly  when  the  side-walls  are  changed,  affecting  the  local  flow  speed  and  pressure 
accotdingly.  These  surface  effects  can  lead  to  small  differences  in  the  pressure  fields  within 
the  mixing  tube.  Because  the  windows  also  serve  as  the  side  walls  along  the  expansion 
region  of  the  nozzle,  the  different  surfaces  can  affect  the  flow  in  the  primary  nozzle  as  well. 
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Nevertheless,  the  flow  conditions  are  considered  sufficiently  close  to  the  nominal  settings, 
specially  since  flow  visualization  was  used  primarily  as  a qualitative  tool. 


Schlieren  visualization  of  the  flow  field  was  implemented  for  each  test  case  with  the 
knife  edges  oriented  at  0°  and  90°  to  the  flow  direction.  The  photographs  obtained  provide 
an  unambiguous  image  of  the  mean  flow  field.  Figures  4. 1 through  4.6  show  the  Schlieren 
photographs  for  the  odd-numbered  test  cases.  For  comparison,  the  reader  is  referred  to 
Shapiro.  1953  (pg.  143). 

Although  the  Schlieren  images  are  used  primarily  as  a qualitative  tool,  they  also 
provide  specific  information  about  local  flow  conditions  which  helps  to  establish  the  validity 
of  the  other  measurements.  The  results  of  the  visualization  experiments  are  discussed  next. 

4.2.1  Ideally  Expanded  Test  Case 

The  photographs  corresponding  to  the  baseline  test  case  (ideally  expanded  primary) 
are  shown  in  Figure  4.1.  The  images  clearly  show  the  primary  core  surrounded  by  two  shear 
layers  which  merge  downstream  in  the  mixing  tube.  The  shear  layers  are  shown  best  in  the 
0°  knife  edge  position,  where  the  layer  on  the  negative  side  of  the  flow  field  (i.e.  y s 0. 
Figure  3.1)  appears  dark  in  the  photographs.  The  layers  seem  to  grow  at  rate  which  is 
approximately  constant,  as  is  typical  of  plane,  constant-pressure  shear  flows. 

Ideally,  in  a well-designed  correctly-expanded  nozzle,  all  waves  are  completely 
canceled  in  the  expansion  section  and  the  exit  flow  is  uniform.  In  Figure  4. 1 . however, 
waves  of  finite  strength  are  clearly  visible  inside  the  nozzle  and  also  within  the  supersonic 
core.  This  result  is  not  surprising  and  can  be  explained  as  follows. 
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Incomplete  cancellation  of  waves  can  be  the  result  of  (a)  small  inaccuracies  in  the 
shape  of  the  diverging  section  of  the  nozzle  and/or  (b)  boundary  layer  effects.  The  actual 
dimensions  of  the  nozzle  depend  not  only  on  the  accuracy  of  the  nozzle  blocks  (Section 
3.3.2.2J  but  also  on  how  accurately  these  fit  in  the  plenum  assembly  to  form  the  flow 
passage.  Also,  the  shape  of  the  diverging  section  was  determined  assuming  the  nozzle  has 
a sharp-comer  throat.  Because  of  the  relatively  small  scale  of  the  nozzle,  even  small  errors 
in  either  the  wall  contour  or  the  shape  of  the  throat  are  likely  to  affect  the  flow.  Boundary 
layers  effectively  change  the  flow  area  and  the  shape  of  the  expansion  section,  and  can  lead 
to  similar  effects.  Nonetheless,  it  will  be  shown  in  Section  4.4  that  the  waves  observed  in 
the  baseline  test  are  very  weak  and  result  only  in  small  properly  changes  across  the  flow. 
Therefore,  these  waves  are  not  expected  to  affect  the  flow  significantly. 

presented  later,  it  is  possible  to  infer  that  the  waves  in  Figure  4. 1 originate  at  the  throat  as 

Outside  the  nozzle  these  residual  waves  experience  multiple  reflections  from  the  shear  layer, 
forming  a very  regular  pattern  of  diamond-shaped  cells  which  extends  several  nozzle  exit 
heights  along  the  supersonic  core.  Early  in  the  flow,  the  waves  are  narrow  and  appear  very 
sharp.  With  increasing  distance  and  number  of  reflections,  the  waves  begin  to  dissipate;  they 

attributed  to  the  flow  field  becoming  three-dimensional  as  a result  of  wall  friction. 

The  attenuation  of  the  waves  is  caused  primarily  by  the  viscous  mixing  of  the  primary 
and  secondary  streams  along  the  shear  layer  (Shapiro,  1953).  As  the  two  streams  are 
entrained  into  the  shear  layer,  the  near-inviscid  primary  core  is  gradually  consumed  and  the 
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velocity  of  the  center  flow  decreases  with  increasing  distance  from  the  nozzle  exit. 
Eventually  the  flow  becomes  subsonic  and  waves  can  no  longer  be  sustained.  In  addition, 
with  each  reflection  the  waves  interact  with  the  shear  layer.  This  interaction  is  evident  from 
Figure  4. 1(a),  which  shows  that  the  incident  waves  penetrate  the  viscous  layer  before  being 
reflected  back  towards  the  supersonic  core. 

When  the  primary  pressure  is  increased  above  the  critical  pressure,  the  primary  flow 
undergoes  further  expansion  outside  the  nozzle  to  adjust  to  the  surrounding  pressure  (Pu). 
Figures  4.2  through  4.6  show  that  the  primary  core  changes  considerably  as  the  primary  is 
underexpanded,  and  that  the  shear  layers  adjust  to  these  changes  accordingly. 

A representation  of  an  underexpanded  ejector  flow  field  for  the  ideal  inviscid  case 
is  given  in  Figure  4.7.  The  core  structure  seen  in  Figures  4.2  through  4.6  clearly  resembles 
the  ideal  flow  shown  in  Figure  4.7.  The  photographs  show  that  Prandtl-Meyer  expansions 
develop  at  the  exit  of  the  nozzle.  These  expansion  fans  (wave  fans  a - b and  c - d,  Figure 
4.7)  become  increasingly  wider  as  the  primary  pressure  is  increased.  As  the  flow  passes 
through  the  expansion  waves,  the  flow  accelerates  and  the  streamlines  are  bent  outwards. 
Across  the  expansion  fans  and  near  the  core  boundary  (in  regions  Q , Figure  4.7).  the  flow 
speed  is  higher  than  at  the  nozzle  exit  and  the  streamlines  are  inclined  with  respect  to  the 
main  flow  direction.  The  primary  core  widens,  forcing  the  shear  layers  to  bend  towards  the 
secondary.  This  change  in  local  flow  direction  is  either  absent  or  veiy  small  in  the  core  flow 
of  the  baseline  test  case  (Figure  4.1),  supporting  further  the  claim  that  the  residual  waves  are 
weak.  As  expected,  the  waves  observed  inside  the  nozzle  for  the  baseline  test  case 
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arc  also  present  in  all  undcrexpanded  test  cases  as  they  arc  essentially  independent  of  the 
primaty  pressure. 

The  Prandtl-Meyer  expansions  are  reflected  from  the  shear  layer  as  compression 
waves  (waves  a-,  b'.  c'.  and  d'.  Figure  4.7)  to  adjust  the  core  to  the  local  boundary 
conditions.  The  How  speed  decreases  across  these  waves  and  the  streamlines  are  turned  back 
towards  the  center  of  the  core,  causing  the  shear  layer  to  bend  accordingly.  This  pattern  is 
repeated  as  the  waves  are  reflected  from  the  shear  layer  (constant  pressure  boundary)  in 

underexpanded  jets,  and  cause  the  shear  layers  to  have  a wavy  or  lobcd  appearance.  The 
shock-cell  structure  eventually  dissipates  due  to  viscous  effects. 

4.2.3  Measurements  obtained  from  Schlicren  Visualization 

Useful  quantitative  information  about  the  local  flow  conditions  can  be  inferred  from 
the  Schlieren  images  with  the  aid  of  supersonic  flow  theory.  As  explained  in  Section  4.2. 1 . 
finite  waves  are  present  in  the  primary  core  of  the  baseline  test.  Inspection  of  Figure  4. 1 

approximately  34°  (±1  °)  with  the  flow  direction.  This  angle  corresponds  to  the  flow  Mach 
angle,  a.  and  is  related  to  the  flow  Mach  number.  M.  by  the  expression 


Substitution  of  the  measured  value  of  a gives  M = 1.79  (±0.05).  which  is  in  close  agreement 
with  the  nominal  (i.e.  design)  Mach  number  of  the  nozzle  and  the  measured  values  presented 
earlier.  Similar  results  can  be  obtained  for  the  remaining  test  cases,  by  considering  the  Mach 
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Mach  angles  can  also  be  used  to  estimate  the  flow  velocity  in  other  regions  of  the 
supersonic  cote.  As  discussed  earlier,  expansion  of  the  jet  continues  outside  the  nozzle  for 
cases  where  the  primary  is  underexpanded,  and  the  primary  core  structure  resembles  that 

families  of  Prandll-Meycr  expansions,  and  the  pressure  in  this  region  is  actually  lower  than 
the  pressure  of  the  secondary  stream.  Further,  the  pressure  in  region  m is  the  lowest  in  the 
entire  flow  field  and  the  velocity  is  the  highest.  It  can  be  shown  that  the  pressure  in  region 
HI  (Pgn)  for  the  ideal  inviscid  case  is  given  by 


Hence,  the  Mach  number  in  this  region  can  be  predicted  using  the  pressure  ratio  given  by  this 

The  Mach  number  in  region  III  can  also  be  determined  from  the  Mach  angle  of  the 
waves  immediately  upstream  (waves  b and  d),  measured  downstream  of  their  intersection. 
Table  4,5  shows  the  predicted  results  and  the  values  obtained  from  the  measurements.  The 
Mach  angles  were  obtained  from  the  most  downstream  waves  of  the  first  Prandtl-Meyer 
expansions  seen  in  the  Schlieren  photographs,  and  correspond  to  half  the  included  angles 
between  the  two  families  of  waves.  The  table  also  gives  the  maximum  centerline  (y  = 0) 
Mach  numbers  based  on  measurements  of  (a)  total  primary  pressure  and  minimum 
side-wall  pressure  (Equations  4.1  and  4.3),  and  (b)  minimum  side-wall  pressure  and 
corresponding  pitot  pressure  (Equation  4.4,  as  discussed  in  Section  4.3.2). 

In  computing  Mach  number  using  method  (a)  it  is  assumed  that  the  total  pressure  of 
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it  is  assumed  that  the  side  wall  pressure  is  a good  approximation  of  the  static  pressure  in  the 
flow.  As  explained  later  in  Sections  4.4  and  5.34,  the  results  substantiate  the  latter 

The  predicted  Mach  numbers  are  remarkably  close  to  the  results  obtained  from  the 
Mach  angles,  with  the  exception  of  the  two  most  underexpanded  test  cases.  As  the  exit 
pressure  difference  (AP, = Pu  - Pu)  increases,  the  inviscid-flow  isentropic  predictions  are 
expected  to  be  less  accurate,  which  is  precisely  the  trend  observed  in  Table  4.5.  However, 

computed  using  pressure  measurements.  Further,  the  minimum  side-wall  pressure 
(Section  4.4.1)  used  for  computations  in  (a)  and  (b)  above  always  occur  in  the  region 
immediately  downstream  of  the  first  Prandtl-Meyer  expansions. 

These  results  further  demonstrate  the  consistency  of  the  experimental  conditions 
among  the  different  test  series,  and  also  show  that  the  flow  fields  investigated  follow  the 
basic  fundamental  trends  predicted  by  theory. 

4.3  Pitot-Pressure  Traverses 

The  data  obtained  from  pitot-pressure  traverses  was  used  alone  or  in  conjunction  with 
the  other  measurements  to  accomplish  several  objectives.  Among  these,  the  most  important 

(1)  establish  the  quality  of  the  primary  and  secondary  exit  flows  (i.e.  the  flow 
entering  the  mixing  tube), 

(2)  characterize  the  mean  flow-field  structure  for  all  test  cases  and  identify  any 
differences, 

(3)  compute  total  pressures  and  Mach  numbers  along  the  mixing-tube  centerline. 


opmcnl  of  the 


and  secondary  streams  in  the  near  field,  and 
performance. 

To  help  understand  the  results,  the  relationship  between  impact  pitot-pressuie,  total  pressure 
and  flow  speed  is  briefly  discussed  below.  Item  (I)  and  (2)  above  are  then  discussed,  while 

demonstrate  the  repeatability  of  the  measurements. 

4,3,1  Pitot  Pressure.  Total  Pressure  and  Flow  Speed 

Due  to  the  nature  of  the  flow  Helds  considered  here,  the  impact  probe  encounters  a 
wide  range  of  How  regimes.  Figure  4.8  shows  a typical  pressure  traverse  across  an  ejector 
flow  field  like  the  ones  investigated  here.  Such  a traverse  can  be  expected  in  Ihe  near  field, 
somewhere  between  x0  and  x,  as  shown  in  Figure  1.1.  Across  the  shear  layers  the  probe  is 
expected  to  encounter  very  steep  velocity  gradients.  Further,  during  a traverse  the  probe  is 
likely  to  cross  from  subsonic  to  supersonic  regions  (and  vice-versa)  through  much  of  Ihe 
mixing  tube  length.  To  interpret  the  data  it  is  necessary  to  clearly  distinguish  the  different 

In  regions  where  the  flow  is  subsonic,  the  impact  pressure  seen  by  the  probe.  Ppil , is 
approximately  equal  to  the  local  total  pressure  of  the  flow,  provided  the  probe  is  oriented 
directly  into  Ihe  How.  If  the  flow  is  supersonic,  a normal  shock  is  formed  in  front  of  the 
probe  and  the  impact  pressure  corresponds  to  the  total  pressure  downstream  from  the  shock. 
This  pressure  is  always  lower  than  the  stagnation  pressure  upstream.  Further,  the  fraction 
by  which  total  pressure  drops  across  a normal  shock  increases  with  Mach  number. 
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Figure  4.8  Representation  of  a typical  pitot-pressure  traverse  in  an  ejector  flow-field. 


number  (before  the  shock),  M.  through  the  Rayleigh  expression 


where  Pp,  and  P,  are  the  total  pressure  after  the  shock  and  the  static  pressure  of  the  flow, 
respectively.  Hence,  wherever  the  flow  is  supersonic  (P0/P,  a 1.89.  Equation  4.1),  either 
the  flow  static  pressure  or  the  Mach  number  must  be  known  to  obtain  total  pressure  from 
Equations  4. 1 and  4 3.  In  Chapter  5 it  will  be  argued  that  the  static  pressure  varies  primarily 

the  spanwise  direction  (z  in  Figure  3.1).  Thus.  Equation  4.4  can  be  solved  for  Mach  number 
4.3.2  Primary  and  Secondary  Exit  Flows 

Among  the  rig-design  criteria  explained  in  Section  3.3  was  to  provide  a piece-wise 
uniform,  near  parallel  flow  at  the  primary  and  secondary  exit  plane  (x  = 0).  This  implies  that 
the  primary  and  secondary  flow  properties  must  be  near  uniform  at  the  exit  plane.  Figure  4.9 
shows  the  pressure  traverses  made  at  x = 0 for  each  test  case  except  No.  1 1 (two  traverses 
for  each  lest  case).  As  explained  in  Section  3.5.2,  at  a few  probe  streamwise  positions  the 
flow  in  the  mixing  tube  becomes  choked  for  the  high  primary  flow  cases  (including  x = 0 for 

normalized  by  the  average  secondary  exit  pressure.  (Pl  2l  + Pva)  / 2.  for  the  corresponding 

Figure  4.9  shows  that  pitot  pressure  is  approximately  uniform  across  the  secondary 
cases  (i.e.  y / Henoat  s -0.7  and  y / Henrak  a 0 


(its  in  all  i 


3.5).  Close  inspection  of  all  the 
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Figure  4.9  Piloi-pressure  (reverses  made  at  die  exit  plane  (x  = 0). 


no 

data  in  Figure  4.9  shows  that,  in  these  regions,  pitot  pressure  deviates  by  less  than  2.6%  from 
the  average  and  that  the  largest  standard  deviation  for  the  ten  cases  shown  is  0.65%  of  the 
average.  In  the  region  corresponding  to  the  supersonic  primary  (- 0.65  s y/H, s 0.35). 
pitot  pressure  is  less  uniform  and  exhibits  a dip  near  the  center  of  the  jet.  It  was  determined 
from  the  data  that  pitot  pressure  varies  between  3. 1 % and  3.8%  across  the  top  of  the  traverse. 
Nevertheless,  this  variation  is  considered  small  for  the  purpose  of  this  study.  Further,  a slight 
property  variation  is  expected  at  the  primary  exit  and  can  be  explained  as  follows. 

The  exit  properties  of  a well-designed  converging-diverging  nozzle  are  uniform  only 
in  the  ideal  case.  In  practice,  however,  these  properties  may  vary  because  the  velocity  at  the 
throat  is  not  uniform  (Shapiro,  1954,  p.  826-840).  Normally,  the  now  near  the  wall  reaches 
sonic  velocity  upstream  from  the  throat,  in  the  converging  section  of  the  nozzle.  Although 

the  wall  becoming  slightly  supersonic.  This  effect  is  somewhat  amplified  in  the  diverging 
section  of  the  nozzle  and  causes  the  exit  flow  to  be  faster  near  the  wall. 

By  letting  M = 1 .8,  Equation  4.3  gives  Pp,,  / P,  = 4.69.  The  traverse  measurements 
for  the  baseline  test  case  result  in  Pp,  / P, = 4.61  at  y = 0,  which  is  within  2%  of  the  predicted 
value.  Conversely,  the  experimental  value  of  Pp,,  / P,  at  y = 0 for  any  traverse  in  Figure  4.9 
gives  M = 1.8.  Near  the  wall  the  experimental  value  of  Pp,  / Fj  is  higher  than  at  the 
centerline.  Here,  Pp,is  higher  and  P,  is  approximately  equal  or  lower  (as  explained  in 

”Mt).  Small  machining  errors  and  boundary  layers  could  also  have  resulted  in 
slightly  nonuniform  exit  properties,  as  explained  earlier  in  Section  4.2. 


Because  all  pressure  traverses  are  for  z = 0 (Figure  3.1),  there  is  no  direct  measure 

Chapter  5 (Section  5.4.2)  that  near  uniform  spanwise  velocity  and  pressure  distributions 
satisfy  continuity  at  x = 0. 

Lastly,  it  would  appear  from  Figure  4.9  that  the  primary  jet  is  shifted  in  the  negative 
y direction  by  approximately  1.2  mm  (y/Htnouk  = 0.l).  In  fact,  an  offset  exists  in  most 
traverses  between  x = 0 and  x = 26  cm  in  the  same  direction,  although  the  offset  amount 
varies  somewhat  most  likely  because  the  jet  is  not  perfectly  symmetric.  It  is  believed  that 
this  was  caused  by  a systematic  error  in  the  pre-traverse  positioning  of  the  probe.  The  error 
is,  however,  small  and  has  no  consequence  in  the  results  presented  here. 

4,3,3  General  Observations  from  Pitot-Pressure  Traverses 

The  test  results  for  the  pitot  pressure  test-series  are  presented  in  Figures  4. 10  through 
4.20  for  the  eleven  test  cases.  The  traverses  are  normalized  as  described  earlier  and  arc 
grouped  in  order  of  increasingly  larger  streamwise  distances.  The  vertical  scale  for  all  plots 
in  a given  test  case  is  kept  constant.  Several  observations  can  be  made  from  these  results 
which  (a)  help  characterize  the  development  of  the  different  flow  fields,  and  (b)  show 
agreement  with  the  expected  behavior  of  ejector  flow  fields.  These  observations  are 


The  measured  profiles  are  typical  of  shear-layer  flows  (as  discussed  in  Section  4.2.1). 
Each  set  of  traverses  shows  how  momentum  is  gradually  transferred  from  the  primary  to  the 
secondary  along  the  mixing  tube.  Initially,  the  shear  layers  (or  mixing  layers)  are  thin  and 
the  velocity  gradients  are  very  steep.  With  increasing  axial  distance,  primary  and  secondary 
fluid  elements  are  progressively  entrained  into  the  layers  where  they  mix  and  exchange 


progressively  i 
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momentum.  As  a result,  the  shear  layers  grow  and  the  secondary  fluid  is  accelerated  by  the 
primary. 

For  all  test  cases,  the  traverses  made  early  in  the  mixing  tube  show  that  pitot  pressure 
is  approximately  symmetric  about  the  center  of  the  travcise.  With  increasing  axial  distance, 
the  profiles  become  slightly  more  uneven.  Less  than  perfectly  symmetric  primary  or 
secondary  exit  flows  are  likely  to  cause  unevenness  in  the  flow. 

The  traverses  for  the  baseline  test  case  are  given  in  Figure  4. 10.  For  this  test  case, 

shear  layets,  Figure  1. 1 ) grows  monotonically  in  the  streamwise  direction.  This  region  will 
be  refereed  to  here  as  the  plume  of  the  ejector  flow  field.  The  outer  edges  gradually  move 
closer  to  the  walls  as  the  secondaty  fluid  is  entrained.  These  boundaries  correspond  to  the 
location  on  either  side  of  a traverse  where  pitot  pressure  begins  to  rise  (y„,  in  Figure  4.8). 
In  the  near  field  (x  / Hc  s 1 1.9,  Figure  4.10)  the  primary  core  remains  well 

level  as  the  pressure  at  the  nozzle  exit  (4.4  s P^,  /P„,„  s 4.7).  The  moderate  fluctuation 

the  plume  continues  to  grow  while  the  pressure  at  the  center  begins  to  decrease.  This  drop 
in  pressure  indicates  that  the  two  shear  layers  have  merged  near  the  center  of  the  flow  field, 
and  that  all  primaiy  flow  has  been  entrained  (this  point  in  the  flow  field  is  labeled  x,  in 
Figure  1.1).  It  will  be  shown  in  Chapter  5 that  the  velocity  of  the  center  flow  gradually 
decreases  in  the  streamwise  direction  beyond  this  point. 
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The  pressure  al  the  ends  of  the  traverse  (y  / Henoa|e  = ±1.56)  begins  increasing  at 
* 1 Hsnaoie  = 15.  As  implied  in  Figure  4.10,  this  pressure  rise  indicates  that  the  shear  layers 
have  reached  the  mixing-tube  walls  and  that  all  secondary  has  been  entrained  (x2  in 
Figure  1.1).  Close  inspection  of  Figure  4. 10  shows  that  the  pressure  on  the  positive  end  of 

the  traverse  (y  / H, ,t.  = +1 .56)  increases  first,  indicating  that  shear  layer  on  the  positive 

side  reaches  the  wall  first. 

It  is  unclear  what  causes  this  small  bias  of  the  flow  towards  one  side.  One  possible 
explanation  is  that  the  (low  leans  to  one  side  as  a result  of  subtle  asymmetries  in  the  flow  at 
x = 0 or  in  the  test  section  hardware.  It  is  also  possible  that  this  is  caused  by  instabilities 
inherent  to  the  ejector  flow  Field,  Yet  another  explanation  is  that  the  probe  introduces 
instabilities  which  affect  the  flow  causing  it  to  develop  unevenly. 

Once  the  layers  reach  the  walls,  the  pitot  pressure  across  the  plume  decreases  rapidly, 
while  the  pressure  towards  the  ends  of  the  traverses  continues  to  increase.  Here,  the  pressure 
profiles  lose  the  smooth-curve,  bell-shape  appearance  exhibited  earlier  in  the  mixing  tube 
and  begin  to  break  up.  This  is  clearly  seen  from  the  traverses  made  in  the  region 
21.8  s x / Htmole  s 28.2.  as  evidenced  by  their  jagged  or  irregular  appearance.  Further,  this 

is  the  only  region  for  the  baseline  test  case  where  the  pressure  profiles  are  not  repeatable. 
Figure  4.21  shows  several  traverses  made  in  this  region  for  test  case  1 . These  results  suggest 
the  onset  of  large-scale  turbulence  which  rapidly  distributes  momentum  across  the  flow.  Hill 
(1965)  states  that  confined  turbulent  jets  undergo  considerable  changes  when  they  reach  the 

Towards  the  end  of  the  mixing  tube  (x  / H.  a 29.7).  pitot-pressure  becomes 
increasingly  more  uniform  as  the  flow  field  approaches  an  ideal  fully-mixed  condition. 
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Although  the  pressure  is  still  higher  near  the  center,  the  variation  across  the  flow  is 
significantly  less,  The  large-scale  flow  instabilities  observed  earlier  no  longer  exist  and  the 

Similar  observations  can  be  made  from  the  results  for  the  underexpanded  cases. 
However,  some  key  differences  between  the  baseline  and  the  underexpanded  flow  fields  are 
also  evident.  The  shear  layers  for  the  latter  flow  fields  develop  under  the  influence  of  a 
different  primary  core.  In  Section  4.2.2  it  is  explained  that  the  core  continues  to  expand 

The  shear  layers  in  the  underexpanded  ejector  must  adapt  to  the  expansion  and 
contraction  of  the  core  and,  therefore,  their  boundaries  are  not  as  uniform  as  those  for  the 
ideally  expanded  ejector.  This  behavior  is  easily  observed  from  the  Schlicren  images,  and 
is  confirmed  by  the  traverses  made  in  the  near  field,  particularly  in  the  highly  underexpanded 
primary  flows  (e.g.  Figures  4.17  through  4.20,  in  the  region  0 s x / HeMDlc  s 10.3).  In  the 
near-field,  the  width  of  the  plume  increases  and  then  decreases  in  a relatively  short  distance. 
Results  presented  in  Chapter  5 display  this  graphically. 

Figures  4. 13  through  4.20  show  that  at  short  distances  the  pitot  pressure  at  the  center 
of  the  primary  core  fluctuates,  unlike  the  baseline  flow  where  it  remains  approximately 
constant.  This  streamwise  variation  of  pitot  pressure  is  directly  related  to  the  local  change 
in  free-stream  Mach  number  (calculations  presented  in  Chapter  5 show  this  more  explicitly). 
As  explained  in  Section  4.3. 1 , the  impact  pitot  pressure  depends  on  Mach  number  when  the 
flow  is  supersonic. 
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symmetric  fashion  (e.g.  Figure  4.l7,x/HI10nk  = 3.l6and  3.95).  This  is  also  in  contrast  to 
the  baseline  case  for  which  pitot  pressure  shows  little  variation  across  the  core.  This 
pressure  variation  occurs  whenever  the  probe  crosses  expansion  or  compression  fans  like 
those  in  Figure  4.7.  This  is  easily  verified  by  inspection  of  the  Schlieren  photographs  at  the 
positions  where  this  behavior  is  observed. 

In  all  underexpanded  cases,  the  pressure  at  the  end  of  the  traverses  also  begins  to  rise 
at  x / He  nnnip  * 15.  approximately.  This  suggests  that  primary  underexpansion  does  not 

cases  2 through  5 (Figures  4.1 1 through  4.14),  the  shear  layers  on  the  positive  side  reach  the 
wall  first,  while  the  opposite  is  true  for  remaining  cases. 

In  test  case  5 (Figure  4.14),  large-scale  turbulence  is  observed  once  the  shear  layers 
reach  the  walls  (similar  to  that  observed  for  the  baseline  case).  This  is  evident  from  the 
break-up  of  the  flow  as  shown  by  the  traverses  in  Figure  4.22.  Results  presented  in 
Chapter  5 suggest  that  this  break-up  maybe  related  to  a supersonic/subsonic  transition.  It  is 
likely  that  this  type  of  flow  break-up  also  occurs  in  lest  cases  2, 3 and  4.  However,  traverse 
data  were  not  collected  in  that  section  of  the  mixing  tube  for  the  even-numbered  cases,  and 

In  general,  momentum  transfer  is  less  complete  as  the  primary  flow  is  undercxpandcd 

presented  in  Chapter  5 suggest  that  flow  case  5 (Figure  4.14)  departs  somewhat  from  this 
trend. 


epeatabilitv  of  Ihe  Pilot-Pressure  Traverses 


A few  redundanl  traverses  were  made  to  establish  the  repeatability  of  the 
pitot-pressure  measurements.  Most  redundant  measurements  were  obtained  by  making  two 
or  three  runs  successively  for  a given  test  case  and  probe  position,  without  making  any  (low 
adjustments  or  hardware  changes.  Some  traverses,  however,  were  repealed  several  days  after 
the  original  measurements  were  made,  and  required  complete  readjustment  of  the  flow 
conditions  and  repositioning  of  the  probe. 

The  two  exit-plane  traverses  shown  for  test  cases  I through  10  in  Figure  4.9  are 
typical  for  consecutive  runs.  Figure  4.23  shows  traverses  made  at  x = 12  cm  for  the 

were  adjusted  independently  for  each  run.  These  results  clearly  demonstrate  that 
pitot-pressure  profiles  are  very  repeatable  when  the  flow  conditions  are  duplicated.  As  seen 
in  Figure  4.9.  consecutive  tuns  always  resulted  in  nearly  identical  flow  conditions,  at  least 

conditions  can  be  duplicated  with  enough  accuracy  in  completely  independent  runs  to  ensure 
consistency  of  the  results.  The  repeatability  of  the  pitot-pressure  profiles  also  suggests  that 
the  mean  flow  field  is  steady.  The  exceptions  to  these  findings  were  discussed  in  the 


Side-wall  pressures  were  measured  for  all  test  cases  as  described  in  Section  3.5.3. 
along  the  entire  length  of  the  mixing  tube  (x  = 0 to  x = 43.62  cm).  Measurements  were  made 
at  y = 0 (Ax,^,  = I cm)  and  y = ±1.97  cm  (Ax„,„  = 2 cm)  to  obtain  the  streamwisc  pressure 
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Figure  4.23  Comparison  of  pilot-pressure  traverses  made  in  runs  for  which  the  flow 
conditions  were  independently  adjusted. 


distribution  for  each  flow  case.  The  two  pressure-plate  positions  resulted  in  an  ov 
the  measurements  between  * = 18  cm  and  x = 27  cm. 

The  streamwise  side-wall  pressure  distributions  are  shown  in  Figures  4.24  through 
4.34.  The  pressures  in  these  plots  are  the  average  of  the  normalized  measurements  for  two 
separate  runs  (Section  3.5.3).  The  single-run  side-wall  pressures  were  normalized  by  the 
average  secondary  exit  pressure.  (P^+P,®)/  2.  As  explained  in  Section  3.5.3,  several  runs 
were  required  to  collect  all  the  measurements  needed  for  each  test  case. 

The  transverse  static-pressure  variation  is  discussed  in  Chapter  5.  Section  5.3.4.  using 

4,4,1  Centerline  Side- Wall  Pressure 

The  variation  in  centerline  (y  = 0)  side-wall  pressure  in  all  cases  clearly  shows  the 
effect  of  the  expansion  and  compression  waves  in  the  supersonic  core.  On  the  average,  the 
centerline  pressure  follows  the  pressure  of  the  surrounding  flow,  increasing  slightly  in  the 
first  half  of  the  mixing  tube  and  more  rapidly  in  the  downstream  section.  The  cyclic 

This  variation  gradually  decreases  with  distance,  disappearing  in  most  cases  before  the  end 
of  the  mixing  tube.  At  the  mixing  tube  exit,  the  side-wall  pressure  is  approximately  uniform 

In  the  baseline  lest  case  (Figure  4.24)  the  waves  result  in  peak-to-peak  pressure 
variations  of  roughly  5%.  Because  the  maximum  variation  observed  occurs  when  the  (low 
crosses  two  waves  (or  wave  fans)  of  similar  strength  but  different  families,  each  wave  (or 
fan)  must  lead  to  roughly  half  this  change  (i.e.  -2.5%  in  this  case).  Therefore,  it  can  be 
concluded  that  the  waves  originating  inside  the  nozzle  are  relatively  weak.  Further. 
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Figure  4.24  Sireamwise  side-wall  pressure  dislribution  for  lesi  case  I . 
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Figure  4.25  Sireamwise  side-wall  pressure  dislribution  for  test  case  2. 


Figure  4.26  Streamwisc  side-wall  pressure  distribution  for  lest  case  3. 
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Figure  4.27  Streamwisc  side-wall  pressure  distribution  for  test  case  4. 
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Figure  4.28  Streamwjse  side-wall  pressure  distribution  for  test  case  5. 


Figure  4.29  Streamwise  side-wall  pressure  distribution  for  test  case  6. 
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Figure  4.30  Streamwisc  side-wall  pressure  distribution  for  test  case  7. 
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Figure  4.3 1 Streamwise  side-wall  pressure  distribution  for  lest  case  8. 
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Figure  4,32  Streamwise  side-wall  pressure  distribution  for  test  case  9. 
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Figure  4.33  Stieamwise  side-wall  pressure  distribution  for  test  case  10. 
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Figure  4.34  Streamwise  side-wall  pressure  distribution  for  test  case  1 1 . 
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Figure  4.24  shows  thai  (he  wall  pressure  decreases  from  X = 0 to  x / He  = 0.79  and  then 

increases  from  x /Hellmk  = 0.79  to  x/HclKalle  = 1.58.  Inspection  of  the  Schlieren  images 
in  Figure  4. 1 show  that  the  pressure  tap  of  the  third  measurement,  x = 2 cm,  lies  downstream 
from  the  waves  reflected  at  the  nozzle  exit.  Hence,  these  waves  must  be  of  the  compression 
type  and  those  inside  the  nozzle  must  be  expansion  waves,  as  claimed  in  Section  4.2. 1 . 

As  the  primary  is  underexpanded,  the  centerline  pressure  reflects  the  cyclic  expansion 
and  recompression  characteristic  of  the  shock-cell  structure.  The  drop  in  pressure 
immediately  outside  the  nozzle  is  brought  about  by  the  Prandtl-Meyer  expansions  that 
originate  at  the  nozzle  exit.  In  every  undcrexpanded  case,  the  lowest  side-wall  pressure 
measured  always  occurs  downstream  from  these  expansions,  which  is  in  direct  agreement 
with  the  discussion  of  Section  4.2.1. 

The  strength  of  the  waves  and  number  of  shock  cells  in  the  core  clearly  increase  with 
primary  pressure.  For  example,  based  on  the  number  of  complete  cycles  for  the  centerline 
pressure  in  Figure  4.25,  there  are  approximately  five  shock  cells  in  test  case  2.  For  test  case 
1 1,  eight  shock  cells  can  be  identified  from  Figure  4.34.  This  result  is  expected,  and 
indicates  that  the  supersonic  core  (Figure  1.1)  reaches  farther  downstream  for  cases  with 
higher  primary  pressure  (i.e.  higher  flow  rate),  for  these  waves  are  sustained  only  where  the 
flow  is  supersonic.  Mach  number  calculations  presented  in  Chapter  5 confirm  that  the  core 
flow  remains  supersonic  for  a longer  distance  in  these  cases. 


primary  core,  and  (c)  the  losses  associated  with  stronger  compression  waves. 
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Inspection  of  Figures  4.24  through  4.34  reveals  that  the  pressure  distributions  have 
a jagged  appearance  where  measurements  for  the  two  pressure-plate  positions  overlap.  This 
is  believed  to  be  a surface  effect.  The  two  plate  positions  result  in  slightly  different  surface 
conditions.  In  either  configuration,  two  gaps  (under  0.2  mm)  arc  formed  along  the  side  wall 
of  the  mixing  tube.  One  is  formed  between  the  plenum  and  the  first  sidewall  section,  and  the 
other  is  formed  between  the  two  side  walls  sections  (Section  3.5.3).  These  gaps  are  likely 
to  disturb  the  boundary  layer,  hence  changing  its  thickness  and  the  local  flow  area.  The 
position  of  the  second  gap  changes  when  the  long  and  short  side  walls  are  swapped  (thus 
changing  the  location  where  the  boundary  layer  is  perturbed).  In  addition,  the  dimensions 
of  these  gaps  can  also  change.  Both  effects  are  expected  to  change  the  pressure  field  slightly. 

have  contributed  to  this  result. 

4.4.2  Off-Center  Side-Wall  Pressure 

Figures  4.24  through  4.34  show  that  the  side-wall  pressure  at  y/  H = ±1 .56  does 

not  vary  considerably  early  in  the  mixing  (x  / Helloalc  s 10),  increasing  only  by  a few  percent. 
Here,  the  pressure  distribution  is  nearly  identical  on  both  sides  of  the  primary  core.  At  longer 
axial  distances  (10  s x / s 18)  the  off-center  pressure  increases  at  a slightly  faster 
rate.  In  this  region,  the  measurements  on  either  side  appear  to  differ  more  (2%  to  3%), 
although  they  still  remain  within  uncertainty  from  each  other.  Most  of  the  pressure  rise  takes 
place  farther  downstream  (x  / Hcmak,  a 20).  The  off-center  measurements  differ  by  less  than 
1%  in  this  region,  and  the  agreement  between  the  two  sides  becomes  progressively  better. 
Further,  the  centerline  and  off-center  pressures  seem  to  converge  with  increasing  strcamwise 
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Al  small  distances  (x  / Hc  5 10),  the  off-center  pressure  for  cases  with  higher 

variation.  This  result  is  expected  and  can  be  explained  as  follows.  Wherever  the  supersonic 
core  expands,  the  surrounding  secondary  streams  are  forced  through  smaller  effective  flow 
areas,  thus  increasing  their  speed  and  reducing  the  local  pressure.  The  opposite  is  true  where 
the  supetsonic  core  contracts.  This  issue  is  treated  in  more  detail  in  Section  5.3.4. 


As  discussed  in  Chapter  2,  the  screech  that  has  been  reported  in  undcrexpandcd 
ejectors  has  also  been  linked  to  changes  in  ejector  performance.  In  this  investigation,  the 
acoustic  emissions  of  each  test  case  were  measured  to  (a)  identify  any  flow-generated 
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4,5.6  Streamwise  Acoustic  Measurements 

The  acoustic  measurements  for  all  test  cases  are  presented  in  Figures  4,35  through 
4,45.  The  figures  correspond  to  the  spectral  sound-pressure  level  (SPL)  obtained  using  the 
0-20  kHz  bandpath  of  the  Fourier  analyzer.  Although  measurements  were  also  obtained 
using  bandpaths  of  0 - 50  kHz  and  0 - 100  kHz.  most  of  the  screech  emissions  were  detected 
in  the  0-  20  kHz  range.  This  bandwidth  also  provides  the  highest  frequency  resolution  of 
the  three  ranges  used  (12.5  Hz). 


i for  diffc 


microphone  posilions  and  a 20  kHz  band  pass. 
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Figure  4.37 


• and  a 20  kHz  I 


Figure  4.38  Acoustic  spectra  for  different  microphone  positions  and  a 20  kHz  band 
pass,  for  test  case  4. 
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Acoustic  spectra  for  different  microphone  positions  and  a 


Figure  4.39 


1 20  kHz  I 
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nicrophone  positions  and  a 20  kHz  band  pass. 


Figure  4.4 1 Acoustic  spectra  for  different  microphone  positions  and  a 20  kHz  band 
pass,  for  test  case  7. 


Figure  4.42  Acoustic  spectra  for  different  microphone  positions  and  a 20  kHz  band  pass, 
for  test  case  8. 


I kHz  band 


ISO 


Figure  4.44  Acouslic  spectra  for  different  microphone  positions  and  a 20  kHz  band  pass, 
for  test  case  10. 
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Figure  4.45  Acoustic  spectra  for  different  microphone  positions  and  a 20  kHz  band 
pass,  for  lest  case  II. 
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The  screech  expected  in  these  type  of  flow  fields  should  appear  as  well-defined  peaks 
in  the  SPL  spectra,  resembling  near-discrete  tones.  Further,  these  acoustic  peaks  are 
characterized  by  relatively  high  acoustic  power.  The  frequencies  of  the  most  distinct  spectral 
features  are  indicated  on  each  SPL  spectrum.  Several  observations  can  be  made  from  these 

In  all  flow  cases,  the  acoustic  emissions  contain  several  peaks  or  spectral  features. 
These  acoustic  features  occur  predominantly  in  the  initial  region  of  the  mixing  tube, 
2.01  s x / Hcmmte  s 8.33  (in  agreement  with  results  presented  by  Yu  and  Dosanjh.  1972, 
Section  2.2.1).  In  general,  these  peaks  are  attenuated  with  increasing  streamwise  distance, 
which  agrees  with  the  directionality  predicted  and  measured  for  flow-generated  screech 
emissions  (e.g.  Powell.  1953a).  In  some  cases,  they  are  completely  absent  from  the  spectra 
obtained  at  the  most  downstream  measuring  station.  In  contrast,  there  is  a clear  increase  in 
the  floor-level  spectral  intensity  with  increasing  axial  distance.  The  magnitude  of  this  rise 
is  approximately  between  10  db  and  20  db. 

The  measurements  also  show  that  the  acoustic  features  differ  considerably  among  the 
various  flow  cases.  For  the  baseline  test  case  (Figure  4.35)  the  spectra  contain  several  peaks 
in  the  0 - 20  kHz  range.  These  peaks  have  a broadband  appearance  rather  than  the  more 
narrow,  discrete-like  appearance  reported  for  screech  tones,  and  probably  correspond  to 
broadband  shock  noise  (Norum  and  Seiner,  1982).  In  addition  to  decreasing  in  intensity, 
some  frequencies  change  slightly  with  position  (e.g.  the  peaks  near/  = 5.0  kHz  and 
/*  7 kHz). 

The  emissions  for  test  case  2 (Figure  4.36)  are  veiy  similar  to  those  for  the  baseline 
case.  All  peaks  appear  to  be  broadband  and  their  frequencies  are  very  close  to  those 
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observed  for  the  ideally  expanded  flow,  particularly  those  under  6 kHz.  The  peak 
frequencies  above  7 kHz  appear  to  differ  slightly.  For  example,  the  spectral  feature  near 
14  kHz  found  at  x / HenoizJc  = 2.01  in  test  case  2.  is  absent  from  the  baseline  case  spectra. 
Also,  the  peak  near  9.5  kHz  in  case  2 still  persists  at  x / HcmJale  = 6.75,  while  the  similar 
peak  near  9.7  kHz  in  the  baseline  case  is  no  longer  detectable  at  the  same  location. 

As  the  primary  is  undcrexpandcd  further,  the  occurrence  of  screech  tones  is  evident 
from  the  spectra.  For  example,  in  test  case  3 (Figure  4.37)  the  narrow  emissions  at 
/*  2.9  kHz  and/  = 3.4  kHz  corresponds  to  flow-generated  screech.  The  intensity  of  the 
screech  lines  is  considerably  higher  than  the  intensity  of  their  broadband  counterparts.  The 
number  of  screech  frequencies  and  their  intensities  vary  with  test  case.  The  intensity  of  the 
screech  frequencies  also  varies  with  position.  In  general,  screech  intensity  decreases  at 
higher  streamwise  distances.  However,  unlike  the  broadband  peak  emissions,  the  screech 
emissions  persist  farther  downstream. 

All  of  these  observations  are  in  general  agreement  with  behavior  previously  reported 
for  underexpanded  free  jets  and  ejectors  (Section  2.2). 

Among  the  underexpanded  flows,  test  case  5 (Figure  4.39)  exhibits  the  most 
pronounced  screech  emissions.  Most  striking  is  that  the  screech  for  this  case  consists  of  a 
fundamental  frequency  or  first  harmonic  ( frl  = 3.0  kHz)  and  up  to  four  overtones  or  higher 
harmonics  (fo  « 6.0  kHz,/h)  = 9.0  kHz,/M  = 12.0  kHz,  and/„5=  15.0  kHz).  The  fundamental 

for  all  measuring  stations.  The  higher  harmonics,  on  the  other  hand,  are  broadband  peaks 

Further,  due  to  the  broadband  nature  of  these  components,  their  peak  frequencies  do  not 
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always  fall  close  lo  the  harmonic  frequencies.  A few  additional  distinct  screech  frequencies 
occur  in  the  neighborhoods  of  the  fundamental  and  second  harmonic.  These  also  are  narrow 
peaks  which  can  be  detected  at  most  stations. 

The  screech  emissions  for  test  case  6 (Figure  4.40)  also  consists  of  a fundamental 
frequency  lffl  * 2.9  kHz)  and  an  overtone  lftl  = 5.8  kHz).  In  this  case  the  second 
harmonic  is  a broadband  emission  of  relatively  low  acoustic  power,  and  occurs  only  at  short 
distances.  A much  weaker  broadband  peak  located  at  /=  8.4  kHz  most  likely  corresponds 
to  a third  harmonic.  Like  in  test  case  5,  additional  screech  frequencies  are  found  near  the 
fundamental  frequency.  The  intensities  of  all  screech  emissions  for  this  case  are 
considerably  lower  than  those  observed  for  test  case  5. 

The  measurements  for  test  cases  7 through  1 1 (Figures  4.41  through  4.45)  are  similar 
to  those  for  case  6.  In  each  case,  a fundamental  screech  frequency  can  be  detected  at  most 
measuring  stations.  One  or  two  broadband  harmonics  are  also  found  at  small  streamwisc 
distances  (x  / Henoale  s 6.75).  The  harmonics  are  attenuated  and  their  peak  frequencies 
decrease  some  <A/=  100  Hz  - 400  Hz)  with  increasing  axial  distance.  Close  inspection  of 
the  spectra  also  shows  a slight  decrease  in  the  intensity  of  the  fundamental  frequency  in  the 
direction  of  higher  primary  underexpansion. 

The  above  observations  show  that  the  nature  of  the  acoustic  emissions  changes  with 
test  case  5.  In  cases  I through  4 there  is  a gradual  increase  in  screech,  while  the  opposite 
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Chapter  5 show  ihal  ejector  performance  is  slightly  improved  for  this  flow  case  (i.e.  flow 
conditions:  Ptl  / Pu=  1.28,  Pw/Pu  = 7.35,  and  ihj/rh,*  0.133). 


to  compare  the  acoustic  emissions  on  both  sides  of  the  core  flow.  To  collect  these  data  the 
microphone  was  installed  on  the  top  and  bottom  mixing-tube  walls  (Section  3.3.2.3),  on 
separate  runs  but  at  the  same  streamwise  ports.  The  microphone  locations  considered  are 
x/H.««Ifc  = 2.01. 6.75. 

The  0-20  kHz  SPL  spectra  obtained  from  these  measurements  arc  presented  in 
Figures  4.46  through  4.51.  In  these  figures  the  ordinate  scale  corresponding  to  the 
bottom-wall  data  has  been  shifted  by  10  db  to  allow  comparison  of  the  spectra. 

The  results  indicate  that  the  acoustic  field  is  nearly  symmetric  about  the  y = 0 plane. 
The  spectral  features,  in  particular  the  screech  tones,  are  almost  identical  on  both  sides  of  the 
flow  field  for  all  cases.  Along  with  other  measurements  presented  earlier,  these  results  show 
further  that  the  flow  field  is  approximately  symmetric  about  the  center  plane  y = 0.  Because 


Several  tests  were  performed  to  quantify  how  much  the  probe  affects  the  other 
measurements  and  to  establish  the  extent  of  the  probe  intrusiveness  in  the  flow  field.  These 
experiments  involved  flow  visualizat 


4.6  Effect  of  Pres 
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Figure  4.48  Comparison  of  acoustic  emissions  measured  on  opposite  walls  at  two 
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Figure  4.49  Comparison  of  acoustic  emissions  measured  on  opposite  walls  at  two 
different  streamwise  positions,  for  test  case  7. 


Figure  4.50  Comparison  of  acoustic  emissions  measured  on  opposite  walls  at  two 
different  streamwise  positions,  for  test  case  9. 


Figure  4.5 1 Comparison  of  acoustic  emissions  measured  on  opposite  walls  at  two 
different  streamwise  positions,  for  test  case  1 1 . 
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acoustic  emissions.  The  test  procedure  was  described  in  Section  3.5.6.  and  the  results  are 


4.6. 1 Flow  Visualization  with  Probe  Installed 

The  Schlieren  photographs  obtained  with  the  probe  in  the  flow  field  for  test  cases  1 
and  5 are  shown  in  Figures  4. 1(c)  and  4.3(c),  respectively.  To  obtain  these  photographs  the 
probe  was  positioned  at  the  center  of  the  flow  (y  = 0).  In  addition  to  these  still  photographs, 
motion  picture  video  of  the  Schlieren  image  was  obtained  while  traversing  the  probe  across 
the  flow. 

The  still  images  show  that  the  flow  field  upstream  from  the  probe  remains 
approximately  unaffected.  The  video  showed  that  this  is  true  irrespective  of  the  probe's 
transverse  position.  As  expected,  however,  there  are  significant  changes  in  the  flow  stiucture 
immediately  behind  the  probe  stem.  Because  of  the  qualitative  nature  of  the  Schlieren 
images,  it  is  difficult  to  establish  how  much  these  changes  affect  the  early  development  of 

These  tests  also  showed  that  there  is  no  appreciable  deflection  or  vibration  of  the 
probe  during  traverses  as  a result  of  aerodynamic  loading.  This  confirms  the  spatial 
resolution  of  the  pressure  traverses. 

4.6.2  Side-Wall  Pressures 

The  side-wall  pressure  measurements  obtained  with  the  probe  installed  at  x = 12  cm 
and  x = 26  cm.  are  shown  in  Figures  4.52. 4.53.  and  4.54.  for  tests  1 , 5.  and  9.  respectively. 


installed  (Section  4.4)  are  also  shown  for 
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Figure  4.52  Comparison  of  side-wall  pressure  measurements  obtained  with  and  without 
the  probe  installed,  for  test  case  1. 
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Figure  4.54  Comparison  of  side-wall  pressure  measurements 
the  probe  installed,  for  test  case  9. 
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* 1 H.™*  s 1 1).  the  side-wall  pressures  are  approximately  unaffected  by  any  Hki„,h,n^9 
caused  by  the  probe.  The  measurements  are  nearly  identical  in  this  region,  regardless  of 
whether  or  not  the  probe  is  in  the  flow  field.  When  the  probe  is  installed  at  x = 12  cm  (i.e. 
stem  at  x / = 11.5),  its  presence  is  felt  almost  exclusively  downstream  from  this 

position.  This  is  in  agreement  with  the  flow  visualization  experiments.  When  the  probe  is 
installed  at  x = 26  cm  (i.e.  stem  at  x / Hc  = 22.6),  its  presence  is  also  felt  upstream,  yet 

its  effect  on  side-wall  pressure  is  smaller.  One  possible  explanation  for  this  is  that  at  longer 
distances  a larger  percentage  of  the  flow  is  subsonic.  Hence,  disturbances  are  more  likely 
to  propagate  upstream  and  alter  the  flow  accordingly. 


As  expected,  the  effect  of  probe  intrusiveness  is  greatest  at  the  upstream  probe 
position.  The  effect  is  less  important  towards  the  end  of  the  mixing  tube.  Side-wall 
pressures  measured  at  x / Htnoolc = 34.5.  both  in  the  absence  of  the  probe  and  when  the  probe 
was  installed  at  the  same  location  (i.e,  stem  at  x / Hc  = 22.6).  resulted  in  differences 
between  0.2%  and  5%. 


Pressure  losses  are  inevitable  when  the  probe  is  in  the  flow  field,  and  result  primarily 

behind  the  stem  (e,g.  interactions  between  the  wake  and  the  surrounding  flow  or  the  solid 
boundaries,  slip  lines  in  supersonic  flow,  etc.).  Thus,  these  losses  are  greater  upstream, 
where  the  mean  flow  velocity  is  higher.  This  is  particularly  true  in  an  ejector,  where  the  flow 
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It  can  be  concluded  based  on  these  results  that  the  probe  disturbs  the  incoming  flow 
primarily  when  it  is  installed  where  the  flow  is  mostly  subsonic.  The  disturbances  are  fell 
only  relatively  close  to  the  probe,  and  the  resulting  changes  in  side-wall  pressure  arc  small 
for  the  test  conditions  studied. 


4.6.3  Acoustic  Emissions 

The  acoustic  emissions  measured  with  the  probe  installed  at  x = 12  cm  and 
x = 26  cm.  arc  shown  in  Figures  4.55, 4.56.  and  4.57,  for  tests  1 . 5.  and  9.  respectively.  For 

microphone  installed  at  x / H,  — = 6.75  and  9.9 1 . The  corresponding  acoustic  spectra 
obtained  without  the  probe  are  also  shown  for  comparison. 

The  acoustic  spectra  for  test  case  I show  emissions  which  clearly  are  not  present 
when  the  probe  is  not  in  the  flow  field.  These  emissions  are  similar  to  the  screech  observed 
in  the  underexpanded  lest  cases.  With  the  probe  positioned  at  x / H,,^  = 1 1.5,  the  induced 
peak  emissions  have  a fundamental  frequency  and  several  well  defined  higher  harmonics. 
The  probe-induced  emissions  are  considerably  less  when  the  probe  is  installed  farther 
downstream  (x  / HCOOJlfc  = 22.6).  Further,  the  only  screech-like  frequency  observed  at  this 
position  (f-  3.0  kHz)  is  different  from  any  frequency  observed  at  the  shorter  probe  position. 

For  test  cases  5 and  9.  on  the  other  hand,  the  probe  seems  to  have  a buffering  effect 
when  installed  at  x / He)VraJC=  1 13.  The  screech  observed  when  the  probe  is  not  in  the  flow 
field  is  almost  completely  attenuated.  The  only  exception  is  the  fundamental  screech 
frequency  which,  although  greatly  reduced  in  intensity,  is  still  present  in  the  spectra.  At 
x / Ht  = 22.6.  the  probe  appears  to  have  little  effect  on  the  sound  emissions,  as  the 
spectra  for  this  probe  location  closely  resemble  their  counterparts  obtained  without  the  probe. 
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number  of  variables  involved,  il  is  difficult  to  make  a clear  assessmem  of  how  die  probe 
affects  Ihe  acoustic  emissions  in  each  test  case.  However,  the  results  provide  some  clues. 

For  the  six  cases  considered,  the  flow  is  supersonic  in  the  center  of  the  core  at  both 
probe  positions  considered.  The  probe  at  these  locations  results  in  strong  waves  as 
demonstrated  by  the  flow-visualization  results  discussed  in  Section  4.6.1 . The  interaction 
of  these  waves  with  eddies  in  the  shear  layers  (which  is  otherwise  absent  in  the  ideally 
expanded  flow)  result  in  screech  emissions.  Therefore,  the  probe  acts  as  a source  of  screech 
in  ideally  or  near  ideally  expanded  flows. 

In  the  case  of  undcrexpanded  flows,  the  results  suggest  that  the  probe  breaks  up  the 
wave  pattern  inherent  to  these  flows.  The  periodicity  of  the  wave  pattern  observed  in  Figure 
4.3(b)  for  case  5 is  clearly  disrupted  by  the  probe  as  shown  in  Figure  4.3(c).  The  end  result 
is  that  screech  intensity  decreases  significantly  when  the  probe  is  positioned  within  the 
shock-cell  structure  of  the  underexpanded  flow.  At  far  enough  streamwise  positions,  the 
shock-cell  structure  has  nearly  dissipated  and  the  probe  has  little  effect  on  the  acoustic 
emissions,  as  demonstrated  by  the  results.  This  result  is  of  great  significance  to  this  study, 
as  ejector  performance  is  quantified  for  each  test  case  (as  explained  in  Chapter  5)  based  on 
traverses  obtained  at  x / H,  = 34.5. 

Nevertheless,  the  results  of  these  tests  clearly  show  that  further  study  is  necessary  to 


CHAPTERS 

FLOW  FIELD  DEVELOPMENT  AND  EJECTOR  PERFORMANCE 


Compulation  of  ejector  performance,  whether  in  terms  of  the  predicted  or  the  actual 
behavior  of  the  device,  requires  the  knowledge  of  the  primary  and  secondary  flow  rates.  In 
many  instances  the  mass  entrainment  ratio,  ihj/m,,  is  a useful  parameter  to  quantify 
performance.  Within  the  contest  of  this  investigation  the  entrainment  ratio  is.  in  essence,  a 

The  actual  mass  flow  rates  were  computed  separately  from  (a)  orifice  plate 
measurements,  and  (b)  isentropic  flow  relations.  The  calculations  are  described  in 
Appendix  C.  The  first  approach  was  used  to  determine  the  secondary  flow  rate  and  the  total 
air  flow  rate  into  the  ejector  rig;  the  primary  flow  was  deduced  from  the  difference  of  the  two 
flows.  The  orifice-plate  measurements  are  expected  to  be  more  accurate  and.  therefore,  were 
used  for  performance  calculation.  The  second  method  was  used  as  a backup  and  provided 
the  ideal  flow  rates  for  the  primary  and  each  coflowing  secondary  stream. 

The  exit  flow  properties  necessary  to  compute  ejector  performance  were  calculated 

To  insure  consistency  of  the  results,  the  flow  rates  used  to  calculate  performance  are  those 
runs.  The  results  and  uncertainties  arc  presented  in  Table  5.1,  along  with  the  corresponding 
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The  results  from  both  methods  are  in  close  agreement,  and  meet  closely  the  test 
matrix  requirements  (Table  3.1).  Since  method  (b)  is  based  on  the  assumption  of  uniform 

provides  further  evidence  that  the  exit  flows  are  near  uniform.  The  orifice-plate  results  in 
Table  S.I  are  plotted  in  Figure  5. 1,  together  with  the  mean  flow  rates  for  the  entire  pressure 
traverse,  side-wall  pressures,  and  sound  measurements  test  series.  Figure  5.1  clearly  shows 
that  the  flow  conditions  for  the  exit-traverse  runs  are  representative  of  the  flow  conditions 
throughout  the  experiments.  The  entrainment  ratios  based  on  the  orifice-plate  measurements 
arc  plotted  against  primary  exit  pressure  in  Figure  S.2. 

.Streamwise  Variation  of  Flow  Speed 

extent,  it  was  assumed  that  the  static  pressure  is  approximately  constant  in  the  spanwisc 
direction.  The  details  of  the  calculations  arc  given  in  Appendix  C.  The  uncertainty  of  the 
off-center  Mach  numbers  is  high,  particularly  in  the  low  Mach  range  (M  s 0.5).  As 

relatively  low  in  comparison  to  the  full  range  of  the  probe  transducer  and.  therefore,  the 
uncertainty  of  the  off-center  measurements  can  be  as  high  as  6%.  The  off-center  Mach 

Figures  5.3  through  5.13  show  the  streamwise  variation  of  Mach  number  for  test 
cases  I through  II.  In  these  plots,  only  data  points  spaced  with  the  smallest  increment 
(Ax  = I cm)  were  connected,  and  the  uncertainties  for  the  off-center  Mach  numbers  were 
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Flow  rales  versus  normalized  exit  primary  pressure  for  the  pressure  traverse. 


Figure  5,1 
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Figure  5.2  Entrainment  ratio  versus  normalized  total  primary  pressure 
(*  ^ Hemudc = 34.5)  traverse  runs. 


i for  the  exit-plane 
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Figure  5.3  Streamwise  variation  of  Mach  number  for  test  case  I . 


Figure  5.4  Streamwise  variation  of  Mach  number  for  test  case  2. 


Figure  5.5  Streamwise  variation  of  Mach  number  for  test  case  3. 
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Figure  5.7  Streamwise  variaiion  of  Mach  number  for  tesi  case  5, 


Figure  5.8  Streamwise  variation  of  Mach  number  for  test  case  6. 
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Figure  5.9  Slrcamwi.se  varialion  of  Mach  number  for  lest  case  7. 


Figure  5.11  Streamwisc  varialion  of  Mach  number  for  lest  case  9. 
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FigurcS. 12  Streamwise  variation  of  Mach  number  for  test  case  10. 
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omitted  for  reasons  discussed  above.  The  predicted,  maximum  Mach  number  (Table  4.5) 
is  also  shown  for  comparison. 

All  test  cases  exhibit  a trend  typical  of  ejector  flows.  The  high-speed  center  flow 
decelerates  in  the  axial  direction  while  the  surrounding  flow  in  general  accelerates.  At  short 
distances,  the  primary  free-stream  Mach  number  fluctuates  in  accordance  with  the  flow 
structure  in  this  region  (Sections  4.2.1  and  4.2.2).  The  fluctuations  are  small  for  the  ideally 
and  near  ideally  expanded  test  cases,  becoming  more  pronounced  as  the  primary  pressure  is 
increased.  In  this  initial  region  the  free-stream  velocity  of  the  primary  core  (Figure  1.1)  also 
decreases  slightly  with  distance  due  to  viscous  and  nonideal  effects.  The  results  agree 
qualitatively  with  those  presented  by  Yu  and  Dosanjh  (1972)  for  a Mach  1 .5  free  jet  from  an 
axisymmetric  contoured  nozzle. 

The  near-field  variation  in  Mach  number  is  less  clear  for  the  most  underexpanded 
flow  cases  (9-11)  because  of  pitot-pressure  data  are  not  available  at  some  locations.  In 
Section  3 .5.2  it  is  explained  that  some  traverses  were  not  made  due  to  probe-induced 
choking.  Inspection  of  Figures  5. 1 1 and  5. 1 3 and  the  Schlieren  images  of  Figures  4.5  and 
4.6  shows  that  the  choking  occurs  when  the  probe  stem  is  positioned  where  the  primary  core 
is  fully  expanded  (i.e.  in  regions  of  relatively  high  flow  speed). 

In  most  cases,  the  highest  Mach  number  measured  is  very  close  to  the  predicted 
value.  The  agreement  seems  to  decrease  somewhat  with  increasing  primary  underexpansion, 
which  is  not  unexpected  for  the  ideal-flow  predictions  are  less  accurate  as  the  strength  of  the 
waves  in  the  core  increases.  However,  it  is  difficult  to  demonstrate  this  loss  of  accuracy 
because  the  data  for  the  highly  underexpanded  cases  are  sparse  in  the  fully  expanded  regions 
of  the  core. 
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The  speed  of  the  core  flow  decreases  at  a faster  rale  farther  downstream,  where  the 
Mach  number  no  longer  fluctuates  (i.e.  once  the  primary  core  is  consumed.  Section  4.3.3. 1 ). 
The  deceleration  is  approximately  constant  for  each  flow  case.  In  test  cases  I through  5 the 
flow  at  the  center  of  the  mixing-tube  exit  is  in  the  high  subsonic/sonic  range  (0.8  s M s 1.0). 
In  all  other  cases  the  center  flow  remains  slightly  supersonic  (1.1  s M s 1 .3)  at  the  end  of 

In  test  case  1.  the  flow  at  y = 0 and  x / H,^  = 21.8  has  a Mach  number  of 
M=  1.25.  whereas  at  x/Henral[=28.2  it  becomes  subsonic  everywhere  across  the  mixing 
tube  (the  latter  location  corresponds  to  x,  in  Figure  1.1).  Therefore,  the  flow  break-up  which 
is  observed  in  this  region  for  test  case  1 (Section  4.3.3. 1 ) may  be  linked  to  the  transition  in 
flow  speed.  The  same  argument  can  be  made  for  case  5.  which  becomes  subsonic  near  the 
exit  of  the  mixing  tube  and  exhibits  flow  break-up  in  the  region  21.8  s x / s 31.3. 

At  small  streamwise  distances,  the  secondary  flow  regions  on  either  side  of  the 
primary  core  have  nearly  the  same  free-stream  velocity  (i.e  the  flow  field  is  approximately 
symmetric),  and  the  flow  decelerates  slightly.  Close  inspection  of  the  results  reveals  a small 
fluctuation  in  flow  speed  for  the  more  underexpanded  cases.  It  will  be  shown  later  that  this 
is  caused  by  a local  reduction  of  the  effective  secondary  flow  area. 

At  longer  distances,  approximately  for  x / Hei)0iat  a 15,  the  flow  surrounding  the  core 
regains  speed  once  the  shear  layers  reach  the  wall.  Further,  beyond  this  point  one  side 
always  accelerates  more  than  its  counterpart.  In  test  case  1 1 the  slower  side  seems  to  reach 
very  low  velocities  before  it  regains  speed  (these  occurrences  are  denoted  by  M = 0 in 


Figure  5.13 


'P.sl).  Ho 
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the  flow  speed  a!  Ihese  locations.  However,  il  has  been  suggested  lhai  for  low  entrainment 
ratios  the  flow  near  the  wall  may  separate,  stagnate  or  recirculate  when  the  shear  layets  reach 
the  mixing-tube  wall  (Hickman  et  al„  1972). 

In  Sections  4.3.3. 1 and  4.3.3.2  it  was  explained  that,  in  all  test  cases,  one  shear  layer 
always  reaches  the  wall  first.  In  test  case  1 the  upper  shear  layer  reached  the  wall  first  in 

distances.  It  is  unclear  what  caused  this  shift,  although  it  appears  to  be  related  to  the 
streamwise  position  of  the  probe. 

The  results  suggest  that  the  shear  layer  which  first  reaches  the  wall  in  essence  trips 
the  entire  flow  field,  causing  it  to  lean  to  that  side  of  the  mixing  tube.  This  phenomenon  can 
be  seen  in  the  Schlicren  photographs.  Others  also  have  reported  asymmetry  of  the  flow  at 
the  mixing-tube  exit,  although  no  explanation  has  been  provided  for  the  skewness.  In  his 
study  of  an  axisymmetric  ejector,  Quinn  (1976)  observed  that  the  flow  at  the  exit  of  the 
mixing  tube  was  asymmetric,  in  spite  of  many  attempts  to  align  the  primary  nozzle  with  the 
cylindrical  mixing  tube. 

5.3  Shear-Layer  Growth  Rates  and  Development 

It  is  stated  earlier  that  ejector  performance  depends  to  a large  extent  on  how  rapidly 
and  efficiently  the  primary  and  secondary  streams  mix  and  exchange  momentum.  The 
spreading  rates  of  the  shear  layer  and  its  boundaries  provide  a measure  of  where  the  mixing 
process  occuts  in  the  flow  field.  One  objective  of  this  investigation  is  to  compare  the  shear 
layer  development  among  the  different  levels  of  primary  underexpansion. 


5.3.1  Growth  Rales  for  the  Ideally  Expanded  Test  Case 

The  near-field  growth  rales  for  the  upper  and  lower  shear  layers  in  the  baseline  test 

was  found  from  pilot-pressure  measurements,  using  a widely  accepted  definition  of  thickness 
based  on  the  local  maximum  and  minimum  pitot  pressures  (Figure  4.8).  According  to  this 

where  pitot  pressure  is  equal  to 

piii.«*<x>  = p,a*,W  * 0.95  (P,,,  ^(x)  - P^Jx))  (5.1a) 

and 

P*  »<*>  ‘ p„t  * °°5(Pp».  „,<*>  ' P*,  «(*))  • (5.1b) 

respectively.  The  coordinates  for  the  inner  and  outer  edges  are  denoted  by  y«*(x)  and 
ys%(x),  respectively.  The  local  shear-layer  thickness  based  on  pitot-pressure  measurements 
is  defined  as 

Vx>  * |y«*<x>  - y5.<x)|  • (5.10 

and  the  shear-layer  growth  rate  is  given  by 

8*  = ^8r«<x)-  (S.ld> 

PpiiSitl*)  and  the  outermost  occurrence  of  Pp„.M*(x).  relative  to  y = 0.  Each  shear  layer 
was  found  using  the  corresponding  side  of  the  traverses. 
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The  data  used  10  calculale  growth  rates  had  to  meet  two  criteria.  First,  only  traverses 
within  the  flow  region  that  extends  to  the  end  of  the  primary  core  were  considered  (i.e. 
traverses  in  the  region  between  x„  and  x | in  Figure  1.1).  Inspection  of  the  Schlicren  image 
on  Figure  4. 1(a)  reveals  that  the  primary  core  in  test  case  1 ends  at  a streamwise  distance  of 
approximately  x = 15  cm  (x  / Htnoult  = 11.9).  This  compares  well  with  the  location  where 
Ppn  begins  decreasing  rapidly,  relative  to  the  values  observed  upstream  in  the  core 
(Figure  4.1 1). 

Secondly,  only  data  from  the  fully  developed  region  were  considered  in  the 
calculations.  The  shear  layers  are  considered  fully  developed  once  they  exhibit  a visible 
thickening  in  the  streamwise  direction,  and  when  the  pressure  profiles  across  the  layers 
become  self-similar  irrespective  of  streamwise  position.  To  find  the  location  where  the  flow 
becomes  self-similar,  the  traverse  data  were  normalized  using  the  local  thickness.  6p,,(x).  and 

parameters.  Hence,  the  traverse  for  a given  streamwise  distance  x is  represented  by 


-(r)  _ -j_  *»>-  W»>  v».y>-p^(x> 


(5.2) 


The  plus  and  minus  signs  correspond  to  the  positive  and  negative  sides  of  the  traverse, 
respectively.  Each  side  was  normalized  using  the  corresponding  inner  and  outer  quantities. 
The  normalized  traverses  are  shown  in  Figure  5.14  for  streamwise  distances  in  the 

edges  of  the  shear  layer  correspond  to  q(x) = 0 and  q(x) = ±1 . respectively.  The  results  show 


side  of  the  flow  field,  similarity  can  first  be  observed 


Figure  5. 14  Pilot-pressure  traverses  for  test  case  I . normalized  using  similarity 
parameters. 
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Figure  5.14  (continued). 
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approximately.  The  shear  layer  on  the  negative  seems  self-similar  even  at  x = 0.  This 
surprising  result  can  be  attributed  to  several  factors. 

Although  every  effort  was  made  to  build  identical  nozzle  blocks,  the  trailing  edges 
of  the  nozzles  arc  slightly  different.  On  the  upper  nozzle  block  there  is  a very  subtle  bump 
across  the  tip,  on  the  secondary  side.  Further,  the  trailing  edge  in  the  upper  nozzle  is  slightly 
thicker  (approximately  0.13  mm).  Consequently,  the  wake  (low  must  be  more  significant 
behind  the  top  trailing  edge,  which  in  turn  is  expected  to  delay  the  development  of  the  top 
shear  layer,  in  addition,  the  flow  entering  the  mixing  lube  is  not  perfectly  symmetrical,  as 
shown  by  the  traverses  made  at  x = 0 (Figure  4.9). 

The  shape  of  the  normalized  profiles  remains  remarkably  constant  once 
self-similarity  is  reached.  Small  deviations  from  the  average  profile  are  observed  towards 
the  center  ( 1 1)  | s 0.7),  where  the  profiles  become  wider  and  narrower  in  a pattern  which  is 
repeated  in  the  streamwise  direction.  Results  presented  in  Section  5,3.3  show  that  this 
variation  occurs  mainly  in  the  supersonic  region  of  the  shear  layer,  and  is  most  likely  caused 
by  the  waves  in  the  primary  core.  Self-similarity  of  the  profiles  is  highest  towards  the  outer 
flow  region  ( | q | a 0.7),  where  the  flow  is  not  directly  influenced  by  the  waves. 

The  waves  in  the  core  may  also  lead  to  the  trend  reversal  observed  on  the  positive 
side  for  the  traverses  made  at  x / He  no/Iie  = 0.79, 1 .58  and  2.37  (Figure  5.14).  The  traverse 
at  x / Hr  aonif  = 2,37  is  not  self-similar  and  its  shape  is  almost  identical  to  the  one  at 
* /H,  oonte  = 0.79,  while  the  traverse  at  x / H „,„Jt  = 1.58  is  approximately  self-similar. 
These  three  positions  (x  = I cm,  2 cm  and  3 cm,  Figure  4. 1 ) are  in  consecutive  fields  of  the 
wave  structure.  The  first  and  third  positions  are  nearly  one  complete  wave  cycle  apart  and 


: reflection,  respectively.  Therefore,  the 
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frec-stream  properties  at  these  locations  are  similar. 

Figure  5.14  also  shows  that  the  shape  of  the  self-similarity  profile  remains 
approximately  unchanged  far  beyond  the  end  of  the  primary  core,  and  past  the  end  of  the  core 
and  the  point  where  the  shear  layers  reach  the  walls.  The  similarity  profile  is  still  preserved 
at  x / Hf  = 20  (where  M ,=0  * 1 .4).  well  beyond  the  end  of  the  primary  cote  and  the  point 

where  the  shear  layers  reach  the  wall.  This  result  is  surprising  and  contrary  to  expectation 
(see  for  example  Hill.  1 965).  As  the  free-streams  become  completely  entrained  by  the  shear 
layers,  it  seems  reasonable  that  a different  similarity  profile  would  develop. 

The  shear-layer  edges  for  the  baseline  test  case  defined  by  Equations  5. 1 a and  5.  lb 
are  shown  in  Figure  5. 1 5.  Both  shear  layers  are  approximately  symmetric  with  respect  to  the 
"true"  center  of  the  flow,  in  agreement  with  the  flow  visualization  and  the  traverse 
measurements.  The  apparent  offset  of  the  flow  field  towards  the  negative  side  is  attributed 
to  a systematic  error  in  the  position  of  the  probe  (as  discussed  in  Section  4.3.2).  The  plot 
shows  that  both  shear  layers  begin  to  grow  at  x / Ht  =1.58. 

The  local  thickness  of  the  shear  layers  is  plotted  in  Figure  5.16.  This  figure  confirms 
that  both  layers  begin  to  grow  at  x / H,  „oalt  = 1.58,  approximately.  Benjamin  (1994) 
invcsugated  a similar  flow  using  the  same  test  section  and  found  that  the  flow  at  this  location 
meets  Bradshaw's  criteria  for  fully  developed  turbulent  shear  layers.  Figures  5. 1 5 and  5. 1 6 

the  adjacent  data  points.  This  result  can  be  expected  given  that  at  this  location  the  positive 

omitted  from  the  calculations.  The  solid  symbols  in  Figure  5.16  correspond  to  the  points 


Figure  5. ! 5 Shear-layer  boundaries  and  sonic  lines  for  lesi  case  1 . 


Figure  5. 16  Local  shear-layer  thickness  and  growth  rates  for  test  case  I . 
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used  to  compute  the  growth  rales.  The  linear  curve  fits  through  the  solid  symbols  are  given 
in  the  figure. 

From  the  curve  fits  it  is  found  that  the  near-field  growth  rates  for  test  case  1 are 
6^,  = 0.092  for  the  upper  layer  and  6^,  = 0.095  for  the  lower  layer  (or  an  average  of 
dl( = 0.094).  The  high  correlation  factors  and  the  small  standard  errors  show  that  a constant 
spread  rale  is  a good  model  for  the  ejector  shear  layers  in  this  region  of  the  flow.  It  should 
be  noted  that,  if  the  distance  to  fully  developed  conditions  was  underestimated,  the  error  in 
the  computed  growth  rate  is  small  because  the  results  do  not  change  much  (less  than  10%) 
by  excluding  from  the  calculations  additional  measurements  near  the  inlet  plane. 

Figure  5. 1 7 compares  the  growth  rate  for  test  case  1 with  measurements  obtained  in 
several  investigations  of  compressible  shear  layers.  The  data  have  heen  normalized  by  the 
theoretical  growth  rate  for  an  incompressible  (M  - 0).  constant-pressure  shear  layer  having 
the  same  velocity  and  density  ratios  (Equation  2.12).  As  discussed  in  Chapter  2.  the  data 
normalized  in  this  fashion  is  only  a function  of  convective  Mach  number  (Equation  2.21 ). 
For  the  flow  conditions  of  test  case  1 (i.e.  Mc,  = 0.595,  V2  / V,  = 0.248,  and  p,  / p,  = 0.61 1 ). 
Equations  2.12  and  2,20  yield  6^=0.157  and  6/ / 6q = 0.50  (the  experimental  value  of  the 
latter  is  b'lt  /6„  = 0.60).  Hence,  it  follows  that  for  a constant-pressure  shear  layer  similar  to 
those  in  test  case  1 the  predicted  growth  rate  is  o = 0.080. 

Benjamin  (1994)  investigated  an  air/air  flow  for  which  M,  = 1.78  and  M,  =0.30, 
using  the  same  test  section  used  in  this  investigation,  but  for  test-section  pressures  three 
times  higher.  The  predicted  growth  rate  for  these  flow  conditions  (i.e.  Mcl  = 0.62. 
V2/V,  = 0.214,  and  p,  / p,  = 0.623)  is  8'= 0.082  (or  6'/ =0.48).  Benjamin  found  an 
average  growth  rate  of  6*  = 0.080.  The  small  differences  in  test  conditions  are  expected  to 


Figure  5.17  Normalized  shear-layer  growth  rales  for  two-dimensional  ejector  shear  layers 
and  constant-pressure  mixing  layers. 
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result  in  different  growth  rales;  however,  the  difference  between  the  two  results  is  more  than 
anticipated. 

The  growth  rate  obtained  for  test  case  I seems  high  (13%)  when  compared  to  those 

discrepancy  can  be  attributed  to  several  factors. 

In  most  planar,  mixing-layers  studies  the  static  pressure  remains  nearly  constant  in 
the  flow  direction,  whereas  in  ejector  flows  the  pressure  always  increases.  Also,  the  primary 
frec-stream  velocity  varies  considerably  more  in  ejector  flows,  where  the  core  velocity 
always  decreases  some  in  the  flow  direction.  In  essence,  the  boundary  conditions  for  ejector 
shear  layers  are  different  and  arc  expected  to  result  in  higher  growth  rates.  The  higher 
growth  rate  can  also  be  attributed  to  the  waves  originated  inside  the  nozzle.  Papamoschou 
(1986)  found  that  growth  rates  can  increase  by  up  to  25%  when  waves  are  present  in  the 
flow.  Papamoschou  also  found  that  a 5%  reduction  in  growth  rate  is  conceivable  if  the 
pressure  distribution  is  near  ideal  (i.e.  constant  pressure). 

Close  inspection  of  the  results  revealed  that  the  apparent  discrepancies  with 
Benjamin's  measurements  can  be  traced  to  the  method  of  calculation.  The  positive-side  of 
the  two  most  upstream  traverses  used  by  Benjamin  to  compute  growth  rates  do  not  meet  the 
self-similarity  requirement  imposed  here.  Further,  the  length  of  the  primary  core  may  have 
been  underestimated  by  using  as  a guideline  the  convergence  of  the  inner  shear-layer  edges 

been  excluded  from  Benjamin's  calculations.  The  same  is  true  for  the  ejector  shear-layer 
measurements  reported  by  this  author  and  his  coworkers  (1993). 
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Growth  rates  can  differ  by  up  to  1 1%.  depending  on  which  data  are  included  for  the 
calculations.  Results  as  low  as  6^,  = 0.08S  were  obtained  by  assuming  a shorter  primary 

approach  used  here  to  estimate  the  length  of  the  primary  core  is  believed  to  provide  better 
accuracy.  This  is  supported  by  Benjamin's  visual  measurements  of  local  thickness  from 
Schlieren  photographs  which  resulted  in  6^,  = 0.1 1. 

Due  to  the  sensitivity  of  the  results  to  the  particular  apparatus,  test  conditions,  and 
the  data  and  criteria  used  in  the  calculations,  no  attempts  were  made  here  to  examine  the 
virtual  origin  of  the  shear  layers. 

The  accuracy  of  growth  rates  obtained  from  pitot-pressure  measurements  has  been 
reported  as  ±10%.  approximately  (Papamoschou,  1986).  Hence,  it  can  be  concluded  that, 
within  experimental  uncertainty,  the  near-field  shear  layers  for  the  baseline  case  develop  at 
a rale  similar  to  that  of  constant-pressure  mixing  layers. 

5.3.2  Shear  Laver  Development  for  the  Underexpanded  Test  Cases 

Measuring  the  growth  of  the  shear  layers  in  the  underexpanded  flows  is  less  trivial. 
The  primary  difficulty  is  finding  the  inner  edge  of  the  shear  layer  from  the  test 
measurements.  The  waves  present  in  these  flows  result  in  transverse  gradients  which  affect 
the  local  free-stream  properties  of  the  primary,  unlike  in  the  ideally  expanded  case,  where 
properties  are  nearly  constant  across  the  primary.  The  magnitude  of  these  gradients  is 
directly  related  to  the  strength  of  the  waves  (Section  4.2.2).  and  is  considerable  for  the  highly 
underexpanded  cases.  Further,  the  waves  penetrate  the  shear  layers  and,  consequently,  they 


i affect  the  flow  pr 
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The  wavy  or  lobed  shape  of  Ihc  underexpanded  primary  core  represents  an  additional 
complication.  The  Schlieren  images  (Figures  4.2  through  4.6)  clearly  show  that  the  shear 
layers  adopt  this  wavy  shape,  in  contrast  to  the  perfectly  expanded  case  for  which  the  layeis 
are  approximately  uniform.  In  the  ideal  inviscid  case,  the  boundary  of  the  underexpanded 
primary  core  (i.e.  the  inner  edge)  can  be  predicted  from  a knowledge  of  the  flow  conditions. 
The  predicted  boundary  would  resemble  the  representation  in  Figure  4.7.  However,  the 
inviscid  predictions  depart  significantly  from  the  real  flow,  except  at  very  short  distances 
from  the  primary  exit  plane. 

The  available  numerical  solutions  which  take  into  account  turbulence  and  nonideal 
viscous  effects  (Dash  et  al.,  1985;  Seiner  et  al..  1985;  Tam  et  al..  1985;  for  example)  are 
limited  to  free  jets  (constant  surrounding  pressure).  The  accuracy  of  these  algorithms  is 
limited  by  the  inability  of  the  turbulent  models  to  represent  the  turbulent  structures  over  the 
full  range  of  conditions,  particularly  in  jets  dominated  by  acoustic  interactions  of  screech 
tones.  Further,  the  available  data  suggests  that  accuracy  declines  with  increasing  distance 

accurately  the  inner  edge  of  the  shear  layers  in  the  underexpanded  cases.  In  addition,  the 
shear-layer  definition  used  for  the  baseline  test  case  is  unsuitable  for  these  flow  cases.  Such 
definition  relies  on  a monotonic  variation  of  pitot  pressure  across  the  layer  and  near  uniform 
free-stream  pitot  pressures. 

determine  the  growth  of  the  plume  of  the  ejector  flow  field  (defined  in  Section  4.3.3, 1 ).  By 
definition,  the  boundaries  of  the  plume  correspond  to  the  outer  edges  of  the  shear  layers.  In 


all  test  cases  (he  plume  boundaries  can  be  found  from  (he  pressure  traverses,  for  (he  flow  near 
these  boundaries  is  subsonic  and,  therefore,  is  not  directly  affected  by  the  waves  in  the  core. 

The  plume  boundaries  can  be  defined  in  a manner  analogous  to  the  traditional 
shear-layer  definition  (Equations  5.1a,  5.1b  and  5.1c),  but  using  only  the  secondary 
free-stream  properties.  Thus,  the  plume  boundaries  arc  defined  here  as  the  transverse 

pm.  i»(*>  * 1IS  Ppo.  „»,(*>  (5.3a) 

The  coordinates  for  these  boundaries  are  denoted  by  yIM(x).  The  local  width  of  the  plume 
and  the  plume  growth  rale  are  given  by 

tyx)  = y15,(x)|  Iiat-  yiswOOL^  (5.3b) 


- i— oyx),  (5.3c) 

respectively.  The  criterion  chosen  (i.e.  15%  above  free-stream)  is  somewhat  arbitrary,  yet 
it  provides  good  agreement  with  the  conventional  shear-layer  definition.  Further,  because 
pitot-pressure  gradients  are  vciy  steep  in  the  shear  layer,  different  criteria  result  in  almost 
identical  boundaries. 

Figure  5.18  shows  the  streamwise  variation  of  the  plume  width  in  the  near-field. 
For  the  baseline  case,  the  local  width  was  also  computed  using  y,*(x)  instead  of  y,5*(x). 
The  results  show  that  there  is  excellent  agreement  between  the  plume  boundaries  proposed 
here  (Equation  5.3a)  and  those  found  using  the  more  traditional  outer-edge  definition 
(Equation  5.1b). 

The  streamwise  variation  of  the  plume  reflects  clearly  the  level  of  primary 
underexpansion  in  each  flow  field.  In  the  baseline  case  the  plume  boundaries  are  nearly 
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Figure  5.18  Near-field  variation  of  plume  width. 
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straight,  while  in  the  undcrexpanded  flows  the  plume  widens  and  narrows  in  a repelitive 
manner  due  lo  ihe  wavy  shape  of  ihe  shear  layers.  This  behavior  is  observed  clearly  from  (he 
Schlieren  images.  The  plume  boundaries  could  nol  be  dcicrmincd  everywhere  for  ihe  highly 
underexpanded  cases.  As  explained  earlier,  pressure  traverses  were  nol  obtained  at  a few 
locations  in  these  cases  due  to  probe-induced  choking. 

At  short  streamwisc  distances,  there  are  substantial  differences  in  to^fx)  among  the 
flow  cases.  In  the  highly  undcrexpanded  cases  the  plume  reaches  far  into  the  secondary,  in 
essence  reducing  the  effective  flow  area  of  the  secondary  free  stream.  As  a result,  the  local 
free-stream  velocity  increases  and  the  pressure  decreases  (explaining  the  results  of  Sections 

4.4.2  and  5.2). 

At  longer  distances,  however,  the  width  of  the  plume  is  remarkably  similar  in  all 
cases.  Contrary  to  expectation,  the  large  distortions  of  the  outer  edges  observed  initially  in 
the  underexpanded  flows  seem  to  have  very  little  effect  on  the  average  outward  development 
of  the  shear  layers  and  the  average  net  growth  of  the  plume.  This  result  is  in  agreement  with 
observation  that  the  shear  layers  in  all  cases  seem  to  reach  the  wall  at  approximately  the  same 
streamwise  distance  (Section  4.3.3). 

Tile  plume  growth  rate  computed  for  the  baseline  case  is  3 0.12.  In  essence,  this 
growth  rate  is  twice  the  average  shear-layer  growth  in  the  direction  of  Ihe  secondary.  Thus, 
by  comparing  this  result  with  the  actual  shear-layer  growth  rate  (i.e.  ij*,  = 0.094),  it  can  be 

5.3.3  Sonic  Lines  of  the  Shear  Lavers 

In  addition  to  the  plume  boundaries,  the  boundaries  of  the  supersonic  core  or  sonic 
lines  (Figure  1 . 1 ) can  also  be  used  in  supersonic/subsonic  flows  to  characterize  compressible 
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shear  layers.  The  sonic  lines  represent  the  boundaries  beyond  which  the  shock-cell  system 
in  the  underexpanded  jet  cannot  extend,  and  where  the  apparent  acoustic  sources  are  located 
(Pao  and  Seiner.  1983).  It  appears  that  these  boundaries  have  not  been  studied  in  detail 


lly,  particularly  in  bounded  jets  or  ejector  flow  fields, 
ionic  lines  are  defined  by  the  critical  pressure  ratio  (Pp,  / PJj,  = 1 .893.  Hence, 
n either  side  of  the  traverses  where  this  condition  is  met  were  found  using 
its  of  pitot-pressure  and  side-wall  pressure.  For  calculation  purposes,  it  was 
assumed  that  side-wall  pressure  is  approximately  constant  in  the  transverse  direction,  outside 
the  supersonic  core.  More  specifically,  it  was  assumed  that  P,(x,y)  » P,(x,y  = ±19.2  mm) 
wherever  M s 1 . This  approximation  will  be  examined  in  detail  in  the  following  section. 

In  computing  Pp,  / P, . the  side-wall  pressures  at  y = +19.2  mm  and  y = - 19.2  mm 
were  used  for  the  positive  and  negative  sides  of  the  traverse,  respectively.  Since  the  spacing 
between  the  off-center  pressure  taps  is  twice  the  spacing  between  traverses,  the  side-wall 
measurements  were  averaged  for  calculations  at  the  intermediate  positions.  This  approach 
is  within  the  accuracy  of  the  constant-pressure  assumption,  and  is  justified  because  the 
off-center  pressure  varies  continuously  and  monotonically  (Section  4.4.2).  The  traverse 
points  for  which  the  ratio  Pp,  / P,  more  closely  matches  the  critical  pressure  ratio  were  then 
found.  The  traverse  data  were  not  interpolated  which  led  to  no  measurable  loss  of  accuracy 
given  that  the  spacing  between  traverse  points  is  only  0.13  mm. 

The  sonic  lines  are  shown  in  Figure  5.19  for  all  test  cases.  The  shear  layers  for  the 

approximately  the  same  transverse  distance,  near  the  outer  edge  of  the  shear  layers,  and 
follow  the  shape  of  the  shear  layers  closely.  In  the  baseline  case  the  sonic  lines  are  nearly 
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Figure  5. 19  Comparison  of  sonic  lines  in  the  near field. 
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straight,  while  in  the  undcrexpanded  flows  they  have  a wavy  or  lobed  appearance.  In  the 
undcrexpanded  (lows  the  sonic  lines  clearly  mark  the  position  of  the  first  two  or  three  shock 
cells  in  the  primary  core.  At  the  end  of  each  shock  cell,  the  sonic  lines  turn  inwards,  moving 
closer  to  those  for  the  ideally  expanded  flow.  The  results  agree  qualitatively  with 
predictions  for  an  undcrexpanded  free  jet  (Dash  et  al.,  1985). 

The  sonic  lines  for  test  cases  1 through  5 seem  to  converge  near  x / H = 4,  and 

to  a lesser  extent  near  x / H,  = 8.  This  trend  is  very  clear  in  Figure  5.18.  In  the 
remaining  cases  there  is  a noticeable  departure  from  this  pattern.  These  observations  seem 
to  correlate  with  those  made  from  the  sound  measurements.  Namely,  it  was  found  that 
screech  was  detected  predominantly  in  the  initial  region  of  the  mixing  tube 
(2.01  s x / Henrarfc  s 8.33).  Further,  screech  intensity  was  found  to  increase  with  primary 
undcrcxpansion  up  to  test  case  5 (i-e.  Pfcl  / = 1.28.  P01 /Pl(  = 7.35,  and  m,/m, =0.133), 
and  then  decrease  for  the  remaining  cases.  Davies  and  Oldfield  (1962a)  found  a similar 
correlation  between  the  shock-cell  structure  and  the  screech  emissions  in  an  axisymmetric 

In  cases  4 through  1 1,  the  expansions  in  the  first  two  shock  cells  are  sufficiently 
strong  to  move  the  sonic  lines  beyond  the  location  of  outer  edges  in  the  baseline  case.  At 
longer  distances  (x  / He  a 12),  however,  the  sonic  lines  are  grouped  together  like  the 
plume  boundaries.  This  result  provides  additional  evidence  that,  on  average,  the  outward 
near-field  development  of  the  shear  layers  is  similar  in  all  cases. 

An  interesting  result  was  obtained  by  normalizing  the  sonic-line  coordinates  for  the 
ideally  expanded  case  according  to  Equation  5.2.  The  results,  which  arc  plotted  in 
Figure  5.20.  show  that  the  supersonic  region  of  the  shear  layer  shrinks  somewhat  with 
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increasing  dislance,  as  the  sonic  line  moves  towards  the  inner  edge  of  the  shear  layer  (i.e. 
closer  to  q = 0).  On  average,  the  distance  to  the  inner  edge  decreases  from  ijMsl  = ±0,68  at 
x / Hcl^.=  1.58totiM=i  =±0.56atx/Henoafc=  15.8.  Inspection  of  Figure  5.3  shows  that 
in  the  same  region  the  Mach  number  at  the  center  of  the  core  decreases  by  17%. 

While  these  results  are  not  surprising,  they  explicitly  show  that  the  extent  of  the 
supersonic  region  in  the  shear  layers  is  related  to  the  local  free-stream  Mach  number  in  the 
core,  M_  ,(x>.  Strictly  speaking,  the  extent  of  this  region  most  likely  depends  on  other 
variables,  such  as  the  Mach  number  of  the  secondary  free-stream.  For  example,  the  equation 
for  the  sonic  line  may  be  expressed  as 

■ f{M-,r  M-.r  V,/V,.  pj/p,.  y,/y2} , (5.4a) 

where  V,  p,  and  y are  velocity,  density,  and  specific  heal  ratio,  respectively.  It  is  plausible 
that  t)M9l  is  a function  of  the  convective  Mach  number,  Mc . rather  than  the  actual  Mach 
numbers  of  the  free  streams  (as  appears  to  be  the  case  for  compressible  shear-layer  growth 
rates.  Equation  2.19).  By  definition,  the  function  F must  meet  at  least  the  conditions 


(5.4b) 


tIm-iW  * 0 for  M.  ,(x)  = 1 . M_  ,(x)  < 1 
tlM.,(x)  - I for  M.,(x)  - •»,  M.  j(x)  < I 
Figure  5.21  shows  the  sonic  line  normalized  position.  qM_|.  plotted  against  Mach 
number  for  the  baseline  test  case  (i.e.  ideally  expanded,  air/air.  M,=  1 .80,  M2  = 0.35, 
P,.i  = = 34.5  kPa).  As  could  be  expected,  the  figure  clearly  shows  that  a greater  portion 

of  the  shear  layer  is  subsonic  (i.e.  qM=,  1 ) as  the  Mach  number  of  the  core,  M.  ,(x). 
decreases.  This  type  of  data  can  be  used  to  determine  empirically  the  form  of  Equation  5.4a, 


or  to  confirm  analytical  models.  However,  a comprehensive  database  would  be  required  to 
accomplish  such  undertaking. 
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Figure  5.20  Sonic  line  for  test  case  1 , normalized  using  similarity  parameters. 


u.3 

1.45  1.55  1.65  1.75  1.85 


M,(x) 


Figure  5.2 1 Sonic-line  variation  with  core  Mach  number  for  test  case  1 . 
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The  results  in  Figure  5.20  also  demonstrate  that  the  cyclic  variation  < 
center  of  the  similarity  profiles  (|t)|  s 0.7,  Figure  5.14)  is  caused  by  the  waves  in  the 

traditional  shear-layer  definition  is  not  suitable  for  these  flows). 

5.3.4  Variation  of  Static  Pressure  Across  the  Row  Field 

In  Chapter  4 it  is  claimed  that  static  pressure  varies  primarily  in  the  streamwise  and 

supersonic  core.  Later  in  this  section  it  will  be  argued  that  pressure  is  approximately 
constant  in  the  spanwisc  direction  (i.e.  z direction). 

The  assumption  that  transverse  pressure  gradients  are  relatively  small  outside  the 
primary  core  can  be  argued  as  follows.  In  internal  (lows  such  as  those  considered  here,  static 
pressure  varies  across  the  (low  because  compression  and/or  expansion  waves  are  present  or 

expansion  waves  are  present  in  all  cases.  However,  these  waves  are  confined  to  regions 
where  M 2 1.  Hence,  the  first  scenario  directly  supports  the  proposed  assumption. 

The  test  results  provide  no  evidence  of  any  significant  streamline  curvature  in  the 
baseline  flow  case.  However,  in  the  near-field  of  the  underexpanded  flows,  the  streamlines 
in  the  shear  layers  are  curved  due  to  the  wavy  shape  of  the  layer.  The  curvature  increases 
with  primary  underexpansion  and  is  most  pronounced  at  short  streamwise  distances  (as 
shown  by  the  plume  boundaries  and  sonic  line  results).  Consequently,  transverse  pressure 
gradients  must  exist  outside  the  supersonic  core  in  the  underexpanded  flows. 
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Some  insight  about  the  effect  of  streamline  curvature  on  pressure  can  be  derived  from 
the  classic  solution  for  inviscid,  subsonic  flow  past  a wave-shaped  wall  (Shapiro,  1953).  The 
pressure  coefficient,  Cr  at  any  point  (x,y)  in  a flow  over  a wall  shaped  as  a cosine  function, 
is  given  by  the  expression 


wavelength  of  the  wall  shape,  respectively.  The  pressure  coefficient  also  takes  the  usual 
C = P,/P*-~  ~ ' (5.6) 

jYM.1 

The  wavy  wall  model  was  obtained  for  a semi-infinite  inviscid  flow  field  where  the 
free-stream  Mach  number  (M_)  is  constant.  However,  it  is  possible  to  assume  that  (a)  the 
Mach  number  variation  of  the  secondary  and  the  wall  effects  are  small,  and  (b)  the 
shear-layer  and  its  boundaries  have  a shape  similar  to  a cosine  function  (a  reasonable 
assumption  based  on  the  Schlieren  images).  Then.  Equations  5.5  and  5.6  can  give  a 
first-order  estimate  of  the  pressure  variation  near  the  edges  of  the  shear  layers. 

The  highest  streamline  curvature  occurs  in  test  case  11.  Visual  inspection  of 
Figure  4.6(a)  shows  that,  in  the  region  of  the  fintt  shock-cell,  the  outer  edge  of  the  top  shear 
layer  can  be  approximated  by  a cosine  function  with  2h  - 10  mm  and  f - 64  mm  (with  2h 
measured  from  a cord  connecting  the  top  trailing  edge  with  the  outer  edge  at  x = I).  Using 
these  values  and  M_  = M,  = 0.35,  Equations  5.5  and  5.6  give  (P,  - P„)/P,..  * ±0.09  at  the 
highest  and  lowest  points  of  a cosine-shape  wall.  Therefore,  within  the  approximation  of  this 
model,  the  static-pressure  difference  between  the  outer  edge  and  the  adjacent  secondary 
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pressure  disuibulions  for  lest  case  11  shows  lhal  the  variations  in  the  off-center 
measurements  arc  indeed  in  close  agreement  with  this  estimate. 

Inside  the  shear  layer,  specifically  in  the  region  ys%(x)  s y s y(x)M_=1,  the  Mach 
number  is  higher  (i.e.  M_  s M(y)  s I ).  Equation  5.5  then  predicts  larger  pressure  gradients 
when  applied  to  a streamline  in  this  region.  It  is  easily  shown  from  Equations  5.5  and  5.6 
that  the  maximum  transverse  pressure  gradient  in  the  flow  over  a cosine-shaped  wall  is  given 
by 

fo/*>‘^|  ■ ±4lt!-yM;  (M.  < 1)  (5.7) 

fly  1^ 

This  expression  can  be  rewritten  as 

h ,(h  J 

= ±4ir!  - Y M.I  -51221  (M.  < I)  (5.8) 

The  plus  and  minus  signs  correspond  to  the  peak  magnitudes  of  the  cosine  function.  By 
taking  the  same  values  used  earlier  for  h and  (.  and  M_  = 0.9  for  example,  as  representative 
of  a streamline  near  the  sonic  line,  it  is  found  that  the  maximum  pressure  gradients  near  the 
sonic  line  for  lest  case  1 1 are  of  order 

= ±0.69 

Undoubtedly,  this  result  shows  that  the  pressure  gradients  near  the  sonic  lines  are  quite  large 
for  high  underexpansion.  However,  these  gradients  are  relatively  small  in  comparison  to 
those  measured  for  pitot  pressure.  Inspection  of  all  traverses  in  the  near  field  and  for  all  test 
cases  shows  that  pitot-pressure  gradients  are  of  order 
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across  the  shear  layers  (i.e.  belween  y,5*(x)  and  y5i(x)).  In  the  above  result,  the  steepest 
gradients  are  for  cases  of  high  primary  underexpansion  and/or  for  traverses  at  short 

shown  to  include  the  gradients  on  either  side  of  the  traverses.  After  noting  that  Pfc : P,_ 

in  the  near  field,  it  can  be  concluded,  even  within  the  crudeness  of  the  wavy  wall 
approximation,  that  pitot-pressure  gradients  in  the  transverse  direction  are  at  least  an  order 
of  magnitude  larger  than  the  corresponding  static-pressure  gradients.  Therefore,  the  ratio 
P^/P,  varies  much  faster  due  to  changes  in  P„,.  Consequently,  ytx)^,  (i.e.  where 
P|»i  / P,  - ■ 893)  depends  almost  exclusively  on  Pp,,.  which  demonstrate  that  the  constant- 
pressure  assumption  leads  to  relatively  small  errors  in  finding  the  sonic  line. 

The  wavy-wall  solution  provides  additional  insight  about  the  pressure  in  the 
near-field  of  the  underexpanded  cases.  The  solution  predicts  that  in  regions  where  the  layer 

outer  edge  is  lower  than  the  free-stream  pressure.  The  trend  is  reversed  when  the  shear  layers 
bend  inwards  as  the  core  contracts.  This  is  precisely  the  behavior  observed  from  the 

decays  exponentially  with  increasing  distance  from  the  outer  edge. 

Inside  the  supersonic  core,  the  transverse  pressure  gradients  are  similar  in  magnitude 
to  the  changes  in  centerline  side-wall  pressure  (Section  4.4. 1 ).  This  is  a direct  result  of  the 
waves  inside  the  core,  which  are  responsible  not  only  for  the  pressure  field  but  also  for  the 
shape  and  structure  of  the  core  (Section  4.2).  The  transverse  gradients  in  the  supersonic  core 
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are  difficult  to  predict  with  sufficient  accuracy.  The  complexity  of  the  flow  field,  coupled 
with  viscous  effects  and  the  wave/shcar  layer  interaction,  renders  such  predictions  inadequate 
for  the  objective  of  this  investigation. 

With  increasing  streamwisc  distance,  the  wave  structure  and  the  streamline  curvature 
are  diminished.  As  a result,  the  transverse  variation  of  static  pressure  decreases  accordingly, 
which  is  clearly  shown  by  the  side-wall  pressure  distributions  (Figures  4.24  through  4.34). 
At  x / He  „oak  = 34.5  the  side-wall  pressure  is  nearly  constant  in  the  transverse  direction. 
That  pressure  is  everywhere  approximately  constant  in  the  spanwisc  direction, 

gradients  in  these  flow  fields  (including  pressure  gradients)  arise  from 

(a)  differences  between  the  properties  of  the  primary  and  secondary  streams  (i.e. 
transverse  gradients  between  the  center  and  outer  flow  regions), 

(b)  the  streamwise  development  of  the  flow  field  as  the  two  streams  exchange 
momentum  and  interact  with  the  solid  boundaries  (i.e.  streamwise  gradients),  and 

(c)  the  wave  structure  in  the  supersonic  core  (i.e.  streamwise  and  transverse  gradients 
caused  by  the  waves). 

Hence,  there  is  no  inherent  mechanism  which  can  lead  to  large  pressure  gradients  in  the 
spanwise  direction.  The  excellent  agreement  obtained  for  Mach  numbers  computed  from  (a) 
Mach  angles  and  (b)  pitot-pressure  and  side-wall  pressure  measurements  (Section  4.2.3) 
implies  that  side-wall  pressure  is  indeed  representative  of  the  static  pressure  across  die  flow, 
in  support  of  the  above  claim.  At  the  mixing-tube  exit,  the  transverse  pressure  variation  is 


5.4  Ejector  Perfo 


To  determine  Ihe  relative  benefits  obtained  from  primary  underexpansion,  the 

predicted  for  the  same  flow  conditions.  Ejector  performance  is  evaluated  in  terms  of  the 
thrust  augmentation,  4>;  the  ejector  pressure  ratio.  P0 , / P0 and  the  Stagnation  Momentum 
Exchange  Effectiveness  or  SMEE,  (Equation  2.28).  The  ejector  entrainment  ratio  was  a 
secondary  independent  variable  and.  therefore,  was  not  used  to  compare  performance. 

Different  definitions  have  been  used  for  thrust  augmentation.  In  the  present 
investigation,  the  thrusts  of  the  ejector  and  the  nozzle  are  referenced  to  the  inlet  pressure  of 


the  mixing  tube.  The  thrust  augmentation 


i is  then  given  by 
JvpVdA*J(P-Pj)dA 
JvpVdA*  JfP-PjJdA 


(5.9) 


where  the  subscripts  1.  2,  and  3 refer  to  the  primary,  secondary  and  mixing-tube  exits, 
respectively.  This  choice  is  somewhat  arbitrary  but  is  based  on  the  fact  that  the  secondary 
pressures  are  subatmospheric,  a different  choice  will  only  change  the  relative  magnitude  of 
the  computed  thrust,  but  trends  will  remain  unchanged. 

The  ideal  performance  was  computed  using  exit  properties  predicted  through  a 
control  volume  analysis.  The  "actual”  performance  was  computed  using  average  exit 
properties  obtained  from  the  test  data  and  a model  for  the  velocity  profile  at  the  mixing-tube 
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5.4.1  Ideal  Eieclor  Performance 

The  ideal  ejeclor  performance  was  computed  for  each  flow  case  from  the  predicted 
exit  properties.  These  properties  were  calculated  by  applying  the  conservation  equations 
(continuity,  momentum,  and  energy)  to  a control  volume  enclosing  the  mixing  tube.  The 
formulation  has  been  used  by  other  investigators  (Addy  el  al.,  1981;  and  Quinn,  1976;  for 
example)  and  is  described  in  detail  in  Appendix  C,  Section  C.4. 

Quinn  (1976)  included  in  the  analysis  an  empirical  friction  letm  and  also  allowed  for 
flow  skewness  at  the  mixing-tube  exit  by  introducing  skewness  factors  into  the  governing 
equations  (also  known  as  the  first,  second  and  third  moments).  In  addition.  Quinn's 
formulation  allowed  for  a nonuniform  temperature  distribution  for  cases  in  which 
To.  i ‘ Tj.  2-  His  formulation  was  adapted  to  flows  with  fully  mixed  exit  conditions  and 

conditions: 

(b)  with  wall  friction,  Cf= 0.004, 

(c)  with  wall  friction,  C, = 0.004  and  mixing  tube  50%  longer  (or  C,  = 0.006) 
<d)  with  wall  friction,  C,  = 0.004  and  mixing  tube  1 00%  longer  (or  C,  = 0.008) 

Above,  C,  is  the  turbulent  wall  friction  coefficient  suggested  by  Quinn  (1976).  The  results 
are  discussed  in  Section  5.4.4,  where  they  arc  compared  with  the  actual  performance. 

5.4.2  Exit  Flow  Model 

The  thrust  augmentation  ratio,  the  ejeclor  pressure  ratio,  and  the  SMEE  parameter, 
all  depend  on  flow  properties  at  the  mixing-tube  exit.  In  the  ejeclor  flow  cases  considered 
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here  (and  in  most  real  ejectors  flows),  the  mixing  and  exchange  of  momentum  and  energy 
between  the  primary  and  secondary  is  never  truly  complete  due  to  the  finite  length  of  the 
mixing  tube.  As  a result,  the  exit  properties  are  nonuniform,  and  the  performance 
parameters  must  be  calculated  using  average  properties  obtained  from  integration  over  the 
exit  cross  section. 

Due  to  the  limited  number  of  measurements  obtained  at  the  exit  cross  section,  the 
flow  here  was  modeled  to  obtain  approximate  values  of  the  local  and  average  properties. 
The  model  is  based  on  the  available  measurements  and  the  following  assumptions  about  the 
exit  flow: 

(1)  static  pressure  is  constant  in  the  spanwisc  direction  (i.e.  P,(x,y,z)=P,(x,y)); 

(2)  at  the  exit,  compression  and/or  expansion  waves  are  cither  absent  or  very  weak; 

(3)  the  flow  is  symmetric  about  z = 0; 

(4)  the  flow  is  adiabatic,  and  total  temperature  is  constant  (i.e.  T0  , = Ta2  =T0= const.) 

(5)  the  flow  distribution  can  be  approximated  by  a power  function  of  the  form 


where  W is  the  width  of  the  mixing  tube,  n is  an  empirical  constant,  and  u(y,z=0)  is 
the  velocity  along  the  line  of  the  traverse. 

The  validity  of  assumptions  (1)  and  (2)  was  discussed  in  the  previous  section. 
Assumption  (3)  is  supported  by  preliminary  measurements  made  in  this  investigation  and 
also  by  the  results  reported  by  Benjamin  ( 1994),  which  show  that  side-wall  pressures  are 
approximately  the  same  on  both  sides  of  the  mixing  tube.  Assumption  (4)  is  well  justified, 
particularly  since  the  variation  in  total  temperature  near  the  wall  due  to  viscous  effects  is 


(5.10) 


208 

small  forM  s 2 (Shapiro,  1954).  Lastly,  assumption  (5)  is  partly  justified  by  the  Reynolds 
number  of  the  flows  considered,  after  noting  that  Equation  5.10  provides  a good 
approximation  in  turbulent  flows.  Reynolds  numbers  between  Re,^  = 2.3- 10s  and 
ReR = 3.4- 105  were  computed,  using  the  velocities  predicted  for  fully  mixed  exit  conditions 
and  the  mixing-tube  hydraulic  diameter. 

The  representation  of  the  exit  velocity  is  undoubtedly  the  most  arguable  pan  of  the 
model.  The  mixing  tube  is  relatively  short  (Lm,  / Dh  = 12.8),  and  the  inlet  flow  is  not 
uniform.  Therefore,  in  all  likelihood  the  flow  does  not  reach  a fully  developed  turbulent 
condition  in  the  mixing  tube.  On  the  other  hand,  the  boundary  layers  which  normally  lead 
to  fully  developed  turbulent  flow,  are  aided  in  an  ejector  by  the  highly  turbulent  shear  layers. 
Nevertheless,  the  flow  docs  not  need  to  be  fully  developed  for  the  model  to  provide  an 
acceptable  representation  of  the  spanwise  velocity  profile. 

Perhaps  the  largest  creor  associated  with  the  model  comes  from  the  fact  that  the 
spanwise  velocity  distribution  most  likely  varies  in  the  transverse  direction  (i.e.  n * const, 
in  Equation  5.10).  Some  variation  is  likely  due  to  the  piecewise  nature  of  the  inlet  flow  and 
the  rectangular  cross  section  of  the  mixing  tube,  particularly  if  the  flow  is  not  fully 
developed. 

With  all  other  factors  held  constant,  ejector  performance  is  largely  determined  by  how 

momentum  is  exchanged  primarily  in  the  transverse  direction.  Consequently,  the  transverse 
velocity  distribution  is  expected  to  have  the  greatest  impact  on  the  relative  performance  for 
the  different  flow  cases.  The  spanwise  distribution  should  only  have  secondary  effects  on 
the  exit  properties  and  the  performance  parameters.  In  support  of  this  view  are  the  results 
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obtained  by  assuming  uniform  and  logarithmic  spanwise  profiles,  in  addition  to  the  power 
profile.  The  results  differ  only  in  magnitude  yet  follow  the  same  trends.  Further, 
Hsia  (1984)  found  that  the  transverse  mixing  plays  a dominant  role  on  the  performance  of 
a two-dimensional  ejector  with  an  area  ratio  much  larger  than  the  one  considered  here. 

Based  on  these  considerations,  the  model  given  by  Equation  5.10  is  considered 
suitable  for  the  purpose  of  comparing  the  relative  performance.  Further,  a single  value  of  n 
was  used  for  each  flow  case  for  the  entire  cross  section.  The  value  used  was  found  through 
iteration  by  requiring  that  the  exit  velocity  distribution  satisfies  continuity.  Using  a constant 
value  of  n is  a convenient  simplification,  considering  that  the  choices  of  n(y)  that  satisfy 

The  calculation  procedure  is  explained  in  the  following  section  and  in  Appendix  C. 
Section  C.5.  Figure  C.l  shows  the  spanwise  velocity  distributions  for  selected  tests  cases, 
and  gives  the  average  n values  obtained  for  each  flow  case  based  on  calculations  for  three 
different  traverses  made  at  the  exit  plane.  For  flows  with  Re^  - 105  it  is  known  that  n - 7 
(Schlichting,  1979;  Fox  and  McDonald,  1978).  This  value  is  very  close  to  the  those  obtained 
for  cases  1 and  2,  showing  that  it  is  possible  that  these  flows  are  close  to  fully  developed  at 
the  mixing-tube  exit. 

The  results  for  the  remaining  cases  show  that  these  flows  do  not  reach  fully 
developed  conditions.  The  Reynolds  number  is  higher,  and  the  difference  in  primary  and 
secondary  inlet  conditions  increases  for  higher  primary  pressures.  Both  of  these  factors  can 
lead  to  longer  entry  lengths.  As  mentioned  earlier,  however,  this  does  not  imply  that  the 
model  fails  to  provide  an  acceptable  representation  of  the  exit  flow. 
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In  addilion  lo  aiding  in  the  compulation  of  the  exit  properties,  Equation  5. 10  can  be 
used  in  the  baseline  test  case  to  examine  the  velocity  distribution  in  other  regions  of  the 
mixing  tube.  This  is  possible  because  in  this  case  the  flow  field  is  free  of  strong  waves  and 
static  pressure  is  nearly  constant  in  the  transverse  and  spanwise  directions,  everywhere  in  the 
mixing  tube.  Figure  C.2  shows  the  spanwise  velocity  distributions  obtained  for  the  baseline 

case  at  selected  streamwise  distances  in  the  region  0 s x / H s 12.7.  The  results  help 

demonstrate  that  the  inlet  flow  is  approximately  piecewise  uniform,  and  also  show  that  wall 
friction  causes  the  flow  to  become  increasingly  three-dimensional  in  the  streamwise 

5.4.3  Calculation  of  Exit  Properties  and  Actual  Ejector  Performance 

The  average  exit  properties  were  obtained  by  integrating  numerically  the  local 
properties  given  by  the  model  over  the  exit  cross  section.  Thus,  the  exit  cross  section  was 
divided  into  a grid  of  finite  area  elements  having  373  rows  and  101  columns,  as  shown  in 

spacing  between  the  pitot-pressure  data  points  (Ay  = 0.127  mm).  The  two  regions  not 
included  by  the  pressure  traveise  (i.e,  the  regions  adjacent  to  the  lop  and  bottom  walls)  were 
subdivided  into  single  rows  of  area  elements.  A constant  spanwise  spacing  of  Az  = 0.252 
mm  was  used  for  the  entire  cross  section.  This  grid  places  a pitot-pressure  measurement  at 
the  center  of  each  area  element  in  the  center  column  <i.e.  j = 2,...  372  and  k = 51, 
Figure  5.22),  with  the  exception  of  the  two  elements  outside  the  traverse  (i.e.  j = 1, 373  and 
k = 51,  Figure  5.22). 

The  calculation  of  the  local  and  average  exit  properties  is  outlined  in  detail  in 
Appendix  C.  Section  C.5.  Basically,  it  consists  of  first  finding  the  flow  properties  for  the 
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elements  in  the  center  column  based  on  the  local  value  of  P,,,  / P,  lk  k . The  properties  for  the 
rest  of  the  grid  are  then  found  using  an  assumed  velocity  distribution  (Equation  5. 10)  and  the 

interpolated  to  obtain  an  approximate  value  of  Pltk.  Interpolation  was  used  primarily  for 
consistency,  as  side-wall  pressure  is  nearly  constant  at  the  exit  plane  in  all  flow  cases. 

For  the  two  area  elements  in  the  center  column  but  not  covered  by  the  traverse  (i.e. 
j = 1, 373  and  k = 5 1 ),  it  was  further  assumed  that  they  comprise  the  boundary  layers  and  that 
the  velocity  here  varies  linearly  (i.e.  Uj.u  = uj.il/2and  u,.),),  = u 2).  These 
assumptions  certainly  oversimplify  the  nature  of  the  flow  near  the  wall.  However, 
computations  made  using  other  models  showed  that  these  end  regions  have  very  little  impact 
on  the  average  exit  properties.  The  properties  for  these  clement  are  found  from  the  static 
pressure  and  the  assumed  local  velocities. 

Once  the  properties  for  the  entire  grid  are  available,  the  total  mass  flux  is  computed 
and  compared  with  the  orifice  plate  measurements.  The  assumed  velocity  distribution  is 
updated  as  necessary  (by  varying  n).  and  the  calculations  ate  repeated  until  continuity  is 
satisfied  within  the  desired  accuracy.  The  algorithm  seems  well  behaved  because  the  final 
result  is  independent  of  the  initial  guess  and  convergence  always  occurs  in  less  than  10 

The  average  exit  properties  and  the  performance  parameters  are  computed  using  the 
local  properties  obtained  in  the  final  iteration.  The  exit  model  and  grid  were  also  used  to 

C.23d,  and  C.23e  (Appendix  C,  Section  C.4).  All  the  calculations  were  implemented  by  a 
simple  computer  program,  run  in  a PC  with  a 90  MHz  processor. 
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5.4,4  Ideal  and  Aclual  Exit  Properties  and  Performance 

Among  Ihe  properties  which  directly  determine  ejector  performance  are  the  velocity, 
static  pressure,  and  total  pressure  at  the  mixing-tube  exit.  The  average  exit  static  pressure 
and  velocity  obtained  from  the  data  and  the  exit  flow  model  are  plotted  against  normalized 
total  primary  pressure  in  Figures  5.23  and  5.24.  respectively.  Also  shown  in  these  figures 

The  curve  labeled  (a)  represents  the  limiting  or  maximum  performance  of  the  ejector 
for  the  range  of  flow  conditions  considered  here.  Prediction  curves  (b).  (c)  and  (d)  take  into 
account  friction  losses  (Appendix  C.  Section  C.4).  Because  these  curves  are  based  on  fully 
mixed  exit  conditions  (i.e.  for  unusually  high  velocities  near  the  wall),  they  represent  "the 
worst  of  the  optimum"  ejector  output.  However,  the  empirical  friction  term  used  to  find 
these  curves  is  not  only  approximate  but  it  also  depends  on  the  friction  coefficient.  C, . 
Therefore,  these  curves  provide  relative  performance  and  are  used  primarily  to  demonstrate 
the  effects  of  friction  and  mixing-tube  length. 

The  effects  of  wall  friction  and  incomplete  mixing  are  evident  from  Figure  5.23 

fully  mixed  frictionless  case.  Further,  the  difference  between  Ihe  average  exit  properties  and 
Ihe  predictions  of  curve  (a)  becomes  larger  as  the  primary  pressure  is  increased.  For  higher 
primary  flow  rates  there  is  a larger  momentum  difference  between  the  primary  and 
secondary.  Hence,  in  general,  a longer  mixing  length  is  required  to  obtain  a given  level  of 
mixing.  In  addition,  friction  losses  increase  with  primary  undcrexpansion  because  in  some 
regions  the  velocities  are  higher  than  in  the  ideally  expanded  flow  (for  example,  where  the 
primary  core  is  fully  expanded,  and  towards  the  end  of  the  mixing  tube). 
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Figure  5.23  Average  exit  sialic  pressure  versus  normalized  loial  primary  pressure. 


Figure  5.24  Average  exit  velocity  versus  normalized  lolal  primary  pressure. 
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fully  mixed  frictionless  case.  Further,  the  difference  between  the  average  exit  properties  and 

primary  flow  rates  there  is  a larger  momentum  difference  between  the  primary  and 
secondary.  Hence,  in  general,  a longer  mixing  length  is  required  to  obtain  a given  level  of 
mixing.  In  addition,  friction  losses  increase  with  primary  undcrexpansion  because  in  some 
regions  the  velocities  are  higher  than  in  the  ideally  expanded  flow  (for  example,  where  the 
primary  core  is  fully  expanded,  and  towards  the  end  of  the  mixing  lube). 

Most  striking  about  the  results  in  Figures  5.23  and  5.24,  is  the  departure  from  the 
general  trend  observed  for  test  case  5,  and  to  a lesser  degree,  for  cases  4 and  6.  The  exit 
properties  for  case  5 are  closer  to  the  predicted  values  than  would  be  expected.  In  this  flow 
case,  a larger  portion  of  the  total  available  momentum  is  retained  by  the  pressure  term.  Close 
inspection  of  the  side-wall  pressure  distributions  reveals  that  the  mixing  process  is  somewhat 
accelerated  in  test  case  5.  Figure  5.25  shows  the  average  side-wall  pressure  distribution  for 
the  off-center  measurements,  in  the  region  x / Hcl)ouk  a 20.  The  off-center  pressures  are  a 
good  indicator  of  the  average  pressure  in  the  flow  Field  (Section  4.4). 

As  expected.  Figure  5.25  shows  that  the  average  streamwise  pressure  gradient  (i.e. 
the  slope  of  the  pressure  distribution)  increases  with  primary  underexpansion.  However,  in 
cases  4 and  5 the  onset  of  the  streamwise  pressure  rise  occurs  earlier  in  the  mixing  tube. 
Because  of  this  anomaly,  the  pressure  for  case  5 is  higher  than  for  other  more  underexpanded 

is  lower  than  for  case  5 up  to  nearly  the  end  of  the  mixing  tube  (x  / Ht  = 30).  Quinn 

( 1976),  obtained  similar  results  using  an  axisymmetric  ejector  with  a convergent  nozzle  and 
an  area  ratio  A, /A,  = 25.8.  although  the  effect  was  more  pronounced  in  his  experiments. 
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Figure  5.25  Average  off-center  side-wall  pressure  distribution  for  test  cases 
(a)  I through  7;  and  (b)  5.  and  8 through  11. 
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skewness  of  the  exit  How. 

Figure  5.24  also  shows  the  tradeoff  between  the  extent  of  mixing  and  the  friction 
losses,  which  is  well-known  to  ejector  designers.  For  example,  mixing  is  more  complete 
when  the  length  of  the  mixing  tube  is  doubled;  however,  friction  losses  are  higher. 
Therefore,  based  on  the  assumed  friction  coefficient  (C,  - 0.004).  the  longer  mixing  tube 
does  not  provide  any  benefits  from  better  mixing  except  for  test  cases  6 and  higher.  Further, 
such  benefits  may  be  overshadowed  by  the  increase  in  weight  and  size  of  the  hardware, 
depending  on  the  particular  application  of  the  ejector.  Similarly,  a 50%  increase  in  length 
is  not  expected  to  improve  performance  in  the  baseline  flow  case. 

The  total  exit  pressure.  P0  , . is  plotted  in  Figure  5.27,  in  terms  of  the  ejector  pressure 
ratio  (P„  , / P0  ,).  against  (a)  normalized  total  primary  pressure  and  (b)  entrainment  ratio. 
In  all  cases  the  actual  performance  parallels  the  fully  mixed  predictions.  This  shows  that 
although  friction  increases  locally,  the  total  losses  remain  in  proportion  to  the  total  available 

mixing  tube  50%  longer  is  likely  to  allow  for  more  complete  mixing  and  increase  the  total 
exit  pressure,  while  resulting  in  moderate  friction  losses. 

The  anomaly  or  "bump"  observed  in  Figure  5.23  and  5.24  for  case  5 is  also  displayed 
to  a lesser  extent  by  the  ejector  pressure  ratio,  indicating  that  P0  , is  somewhat  higher  than 
expected.  However,  the  benefits  of  primary  underexpansion  and  acoustic  interactions  are 

ratios  considered  here,  the  primary  stream  dominates  the  flow  field  and  the  ejector  output. 
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Figure  5.26  Skewness  factors  for  the  flow  at  the  mixing-tube  i 
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Figure  5.27  Average  ejeclor  pressure  ratio  versus: 

(a)  normalized  total  primary  pressure 

(b)  entrainment  ratio. 


Hence,  Ihe  improvement  in  case  5 is  overshadowed  by  the  other  factors  such  as  friction 
losses  which  occur  towards  the  end  of  the  milting  tube  as  a result  of  higher  velocities.  Yet 

of  the  mixing  tube.  This  in  turn  results  in  additional  friction  losses  which  partially 
counteracts  the  benefits  obtained  from  more  complete  mixing.  Under  this  scenario,  test  case 
5 may  yield  belter  performance  with  a slightly  shorter  mixing  tube. 

The  ejector  thrust  augmentation.  is  plotted  against  entrainment  ratio  in 
Figure  5.28.  The  results  are  similar  to  those  for  total  exit  pressure  in  that  actual  performance 
follows  closely  the  trend  predicted.  However,  unlike  the  other  parameter  discussed  to  this 
point,  h is  in  closer  agreement  with  the  predictions  of  curve  (c).  This  result  suggests  that  4> 
is  less  likely  to  increase  by  using  a longer  mixing  tube.  Figure  5.27  also  reflects  a small 
improvement  for  case  5 relative  to  the  rest  of  the  flow  cases.  The  small  augmentation 
obtained  in  these  ejector  flows  is  a clear  reflection  of  the  low  entrainment  ratios  investigated. 
For  the  range  of  conditions  the  ejector  behaves  more  like  a pump  than  a thrust  augmenter. 

Lastly,  Figure  5.29  shows  the  Stagnation  Momentum  Exchange  Effectiveness 
(SMEE)  plotted  against  entrainment  ratio  for  all  cases.  For  a given  entrainment  ratio, 
primary  and  secondary  gases,  and  inlet  flow  conditions  (i.e.  Pai,  PM,  T0 ,,  and  T0J),  SMEE 
depends  only  on  the  total  exit  pressure.  Therefore,  the  results  for  SMEE  are  similar  to  those 
obtained  for  the  total  pressure  ratio.  There  is  a distinct  "bump”  on  the  SMEE  curve  centered 
around  case  5 which  indicates  a slightly  better  performance  for  that  level  of  primary 

The  results  show  that  there  is  a moderate  to  small  improvement  in  performance  for 
test  case  5.  The  higher  performance  is  attributed  to  an  earlier  onset  of  the  mixing  process. 
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Figure  5.28  Thrusl  augmentation  versus  entrainment  ratio. 


Figure  5.29  SMEE  versus  entrainment  ratio. 
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and  correlates  well  with  the  occurrence  of  intense  flow-generated  screech.  Perhaps  this  early 
development  is  triggered  by  a different  distribution  and/or  different  scale  of  turbulence  in  the 
shear  layer  changes  (as  suggested  to  be  the  case  by  Quinn,  1976). 

It  would  be  premature  to  characterize  the  benefits  as  too  small  to  be  practical,  for  the 
flows  considered  here  may  not  reveal  the  full  potential  of  inducing  acoustic  interactions.  The 
flow  conditions  were  chosen  primarily  to  isolate  the  effect  of  underexpansion  on  the  shear 
layers  in  the  near-field  and  for  this  the  secondary  flow  conditions  were  kept  constant.  This 
was  done  by  varying  the  downstream  losses  in  the  ejector  (by  opening  and  closing  the 
exhaust  butterfly  valve).  In  doing  this,  the  ability  of  each  individual  primary  flow  to  entrain 
a given  amount  of  secondary  was  somewhat  suppressed,  which  is  evidenced  by  the  low  thrust 
augmentation  and  the  high  exit-to-inlet  static-pressure  ratios.  Therefore,  the  effects  observed 
pertain  only  to  the  primary's  ability  to  mix  with  the  fixed  amount  of  secondary. 

5.5  Summary  of  Effects  of  Primary  Undcrexpansion 

The  measurements  obtained  in  this  investigation  have  shown  that  the  flow  field  of 
a supersonic-primary  (M,  = 1.80)  subsonic-secondary  (M,  = 0.35)  ejector  can  undergo 
considerable  changes  when  the  primary  jet  is  underexpanded  (exit  static-pressure  ratios  in 
the  range  1.0  s P,j  / P>2  s 1.7).  These  changes  affect  both  the  mean  as  well  as  the 
time-varying  turbulent  flow  properties.  Collectively,  these  changes  not  only  affect  the  nature 
of  the  flow  field  but  can  also  lead  to  mote  efficient  mixing  processes,  which  in  turn  can  lead 
to  better  ejector  performance.  The  following  sections  provide  a summary  of  the  main  effects 
of  primary  underexpansion,  and  explain  how  these  effects  appear  to  interact  to  influence  the 


• flow  field  and  performance. 
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5.5.1  Effect  of  Primary  Underexpansion  on  Flow  Field  Development 

Most  notably  among  all  effects  of  primary  underexpansion  is  that  it  changes  the 
shape  of  the  flow  field,  particularly  in  the  near  field,  as  a result  of  the  adjustment  of  the 
primary  jet  to  the  surrounding  local  pressure  conditions.  Inherent  to  the  adjustment  of  the 
underexpanded  jet  is  the  occurrence  of  a quasi-periodic  system  of  pressure  waves  (Figures 

4. 1 through  4.6),  which  exists  in  the  supersonic  core  for  as  long  as  there  is  a significant  local 
static-pressure  imbalance  between  the  jet  and  the  surrounding  flow.  This  pressure  imbalance 
diminishes  in  the  streamwise  direction  (Ftgures  4.25  through  4.34),  primarily  as  a result  of 
the  mixing  and  exhange  of  momentum  between  the  primary  and  secondary  streams,  but  also 

As  the  pressure  imbalance  diminishes,  so  does  the  wave  system  in  the  supersonic 
core.  Unlike  in  an  underexpanded  free  jet,  in  which  the  pressure  in  the  core  gradually  adjusts 
to  a constant  surrounding  pressure,  in  the  ejector  the  pressure  of  the  underexpanded  primary 
core  must  adjust  to  a surrounding  pressure  which  gradually  increases  in  the  streamwise 
direction  (Figures  4.24  through  4.34). 

Directly  linked  to  the  adjustment  of  the  underexpanded  jet  is  the  streamwise  variation 
of  (a)  the  core's  cross-sectional  dimension  and  (b)  the  core  flow  properties.  The  core 
expands  and  contracts  in  a periodic-like  fashion.  Similarly,  the  core  velocity  increases  and 
decreases  (Figures  5.3  through  5.13)  as  the  static  pressure  varies  in  opposite  fashion 
(Figures  4.24  through  4.34). 

The  changes  experienced  by  the  supersonic  core  in  the  near  field  have  a direct 
impact,  not  only  on  the  shear  layers,  but  also  on  the  adjacent  secondary  streams 
expansion  and  contraction  of  the  underexpanded  core  forces  the  shear  layers  tc 


s.  The 


224 


accordingly,  in  a zig-zag  fashion  (as  shown  by  the  plume  boundaries  in  Figure  S.I8).  As  a 
result,  the  shear  layers  differ  increasingly  in  shape  and  nature  with  increasing  primary 
undetexpansion.  from  those  in  the  ideally  expanded  ejector  (Figure  5.15).  For  sufficiently 
high  underexpansion,  the  bending  of  the  shear  layers  locally  reduces  the  secondary  flow  area 
(Figure  5. 1 8),  causing  the  speed  of  the  unmixed  secondary  to  accelerate  accordingly. 

All  the  effects  mentioned  above  depend  directly  on  the  extent  of  primary 
undcrexpansion  and,  therefore,  on  the  strength  of  the  pressure  waves  in  the  supersonic  core. 
For  increased  primary  undcrexpansion,  the  pressure  waves  are  stronger,  the  shock-cells  in 
the  wave  pattern  are  larger  (longer  and  wider),  and  the  influence  on  the  surrounding  flow  is 

Despite  the  significant  differences  found  early  in  the  flow  field,  at  the  end  of  the  near 
field  (i.e.  x / Hc  laak  = 9 - 14)  the  net  spatial  growth  of  the  shear  layers  is  very  similar  in  all 
cases,  irrespective  of  total  primary  pressure. 

;.;.2  Effect  of  Primary  Undcrexpansion  op  Acoustic  Emission; 

conditions  investigated.  Acoustic  peaks  or  spectral  features  were  detected  in  all  flow  cases 
in  the  2 kHz  - 20kHz  frequency  range.  These  emissions  appear  to  originate  predominantly 
in  the  near  field,  in  the  neighborhood  of  the  fust  two  or  three  shock  cells  of  the  wave  pattern 
(2.01  s x / HeBOnJe  s 8.33).  In  general,  for  the  ideally  and  near  ideally  expanded  flow  cases 

with  broadband  shock-associated  noise.  As  the  primary  pressure  is  increased 

peaks  have  been  associated  with  the  •'screech"  observed  in  underexpanded  jets.  In  most 
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The  frequency  and  iniensily  of  the  screech  emissions  change  with  the  extern  of 
underexpansion  in  a way  which  indicates  that  a unique  condition  exists  near  test  case  5 
(Figure  4.39),  or  more  specifically,  near  a primaiy-to-secondary  exit  static-pressure  ratio  of 
Pu /Pu«  1 .27  (corresponding  to  Po  l/  P0=  7.3).  In  general,  the  screech  intensity  increases 

underexpansion,  while  the  peak  screech  frequency  decreases  slightly  with  increasing  primary 
underexpansion  (as  predicted  by  theoretical  models). 

The  screech  observed  in  test  case  5 consists  of  up  to  4 overtones,  and  has  a 
fundamental  frequency  of  -3.0  kHz.  The  fundamental  frequency  reached  sound  pressure 
levels  of  up  to  153  db,  which  is  more  than  IS  db  than  the  highest  screech  intensities 
measured  for  any  other  flow  case.  Further,  unlike  all  other  flow  cases,  the  fundamental 
frequency  and  the  first  overtone  in  case  5 persisted  even  at  the  most  downstream  microphone 
position  (x  / Hem2je  = 22.6). 

results  presented  in  Section  5.3.3.  Namely,  it  was  found  that  the  sonic  lines  for  test  cases  I 
through  5 (i.e,  for  cases  for  which  screech  intensity  increases  with  underexpansion)  seem  to 
converge  near  the  end  of  the  first  and  second  shock  cells.  At  higher  undcrexpansion  (i.e.  for 
cases  in  which  screech  intensity  decreases  with  undcrexpansion)  the  sonic  lines  depart 
increasingly  from  this  initial  pattern. 
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These  findings  are  in  fundamental  agreement  with  results  reviewed  in  Section  2.2, 
previously  reported  for  underexpanded  jets  (free-jets  and  ejector  primary  jets)  from 
convergent  nozzles  (i.e.  lower  primary  supply  pressures  and  velocities). 


Primary  underexpansion  also  affected  the  flow  properties  at  the  mixing-tube  exit.  In 
general,  upon  increasing  the  flow  rate  and  the  stagnation  momentum  of  the  primary  stream 
(i.e.  Pjj),  the  measured  static  pressure  at  the  mixing-tube  exit  becomes  increasingly  lower 
than  the  pressure  which  could  be  attained  if  the  flow  were  ideal  (inviscid)  and  fully  mixed 
(uniform  at  the  exit).  However,  a distinct  departure  from  this  trend  was  found  near  the  flow 
case  which  resulted  in  the  most  intense  screech  emissions  of  all  flows  investigated  (i.e.  test 
case  5,  for  which  Pu  / Pu  = 1.27).  For  this  case,  the  exit  static  pressure  (determined  to  be 

(Figure  5.23).  The  same  is  true,  but  to  a lesser  extent,  for  lest  cases  4(Pl,/Pu=  1 .20)  and 
6 (Pkl  / 1>2  = 1.34).  Similarly,  the  exit  flow  velocities  for  test  case  5 (obtained  from 
measurements  of  static  and  pitot  pressures)  are  relatively  low  and  depart  from  the  general 
trend  exhibited  by  the  other  flow  cases. 

The  unusually  high  exit  static  pressure  in  test  case  5 can  be  traced  to  the  earlier  onset 
of  the  overall  pressure  rise  inherent  to  the  ejector  flow  field  (Figure  5.25).  This  phenomenon 
indicates  that  the  mixing  process  for  this  case  is  somewhat  accelerated,  relative  to  the  other 
flow  cases,  leading  to  an  exit  flow  which  is  slightly  more  mixed  or  uniform  (i.e.  lower  flow 
skeweness.  Figure  5.26).  Further,  these  results  lead  to  the  conclusion  that  a greater  portion 
of  the  total  momentum  is  retained  by  the  pressure  term  in  test  case  5. 
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The  acceleraied  or  enhanced  mixing  observed  in  lest  case  5 
redistribution  of  turbulence  within  the  shear  layers  (Quinn  1976),  rath- 
higher  shear-layer  growth  rates  (for  no  evidence  of  the  latter  was  found, 
field). 

The  unusual  values  of  the  exit  How  properties  for  test  case  5 
computed  ejector  performance  which  is  slightly  higher  than  expected- 


CHAPTER  6 

CONCLUSIONS  AND  RECOMMENDATIONS 
6.1  Conclusions 

An  experimental  investigation  was  conducted  to  examine  in  detail  the  effect  of 
primary  underexpansion  on  the  flow  field  of  a two-dimensional  ejector,  particularly  in  the 
near  field.  All  the  main  objectives  were  successfully  met,  including  (a)  developing  the 
experimental  facility,  (b)  obtaining  a detailed  database  for  the  range  of  flow  conditions 
considered,  (c)  comparing  shear-layer  development  among  the  different  flow  cases,  and  (d) 
establishing  whether  primary  underexpansion  can  lead  to  better  ejector  performance  for  the 
range  of  conditions  investigated.  Due  to  the  large  number  of  tests  required,  a secondary 
objective  was  to  devise  a test  procedure  that  would  ensure  precise  setting  of  the  test 
conditions  throughout  the  experiments.  The  results  show  that  the  lest  conditions  were 
maintained  within  narrow  margins  of  the  desired  values. 

The  mean  near-field  structure  of  the  flow  field  was  characterized  in  detail  using  the 
test  measurements.  Schliercn  visualization  of  the  flow  field  provided  qualitative  and 
quantitative  confirmation  of  the  mean  measurements.  The  results  are  in  close  agreement 
with  the  fundamental  behavior  observed  in  these  type  of  flow  fields. 

The  investigation  showed  that  in  the  undcrcxpanded  flow  cases  the  shear  layers  have 
a wavy  or  zigzag  shape,  unlike  the  shear  layers  in  the  perfectly  expanded  baseline  flow  case 

distances,  the  shear  layers  reach  far  into  the  original  secondary  flow  area.  At  the  end  of  the 
228 
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near  field,  however,  the  net  growth  of  the  high-momentum  center  region  (or  plume)  is  very 
similar  in  all  cases.  Despite  the  similar  growth  rate,  one  flow  case  results  in  slightly  better 
mixing  and  ejector  performance.  Further,  the  acoustic  measurements  revealed  that  this  flow 
case  also  results  in  the  strongest  flow-generated  screech  among  all  cases  considered. 

In  addition,  the  boundaries  of  the  supersonic  core  (or  sonic  lines)  were  determined 
for  all  flow  cases.  These  boundaries  represent  an  important  parameter  in  compressible  shear 
layers  and,  to  this  author's  knowledge,  have  not  been  considered  in  great  detail  previously, 
particularly  in  ducted  flows  with  adverse  pressure  gradients  (e.g.  ejector  flows).  The  results 
showed  that  the  size  of  the  shear-layer  region  where  M ■ I depends  on  the  local  free-stream 
Mach  number  of  the  primary  core. 

Several  validation  tests  were  also  conducted  to  determine  the  extent  to  which  the 
traversing  probe  disturbs  the  flow  field.  These  type  of  validation  experiments  have  not  been 
included  in  other  similar  investigations.  It  was  found  that  the  effect  of  the  probe  on  the  mean 
flow  properties  is  relatively  small.  However,  time-accurate  measurements  show  that  the 
probe  intrusiveness  can  have  a more  significant  effect  on  the  turbulent  properties. 

The  results  and  conclusions  obtained  from  this  investigation  can  be  summarized  as 
follows: 

repeatability  of  all  the  measurements  shows  that  the  test  conditions  were  duplicated 
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(2)  The  flow  at  * = 0 is  approximately  piece-wise  uniform.  This  is  shown  in  all  cases 
by  the  traverses  made  at  x = 0.  and  more  explicitly  for  the  baseline  case  by  the 
spanwise  velocity  distribution  also  used  to  model  the  flow  at  the  mixing-tube  exit. 
In  addition,  the  velocity  model  shows  that  the  baseline  flow  field  gradually  becomes 
three-dimensional  as  a result  of  wall  effects.  A similar  transition  is  expected  for  the 

(3)  The  flow  field  is  approximately  symmetric  about  y = 0,  between  the  mixing-tube  inlet 

and  streamwise  distances  ranging  fn.mx/Htoralt=  15  to  x / = 20.  This 

is  shown  by  the  flow  visualization  experiments  and  also  by  the  side-wall  pressure, 
pitot-pressure,  and  acoustic  measurements. 

(4)  The  Schlieren  photographs  for  the  baseline  case  show  that  the  expansion  waves 
originating  at  the  nozzle  throat  are  not  completely  canceled  at  the  trailing  edge. 
Side-wall  pressure  measurements  show  that  these  residual  waves  are  weak,  and  result 
in  free-stream  pressure  changes  of  less  than  5%.  Opposite  waves  (i.e  from  different 
families)  are  slightly  different  and,  as  a result,  the  primary  jet  is  not  perfectly 

(5)  The  Schlieren  photographs  show  that  the  shear  layers  in  the  baseline  case  are  uniform 
and  grow  at  a near  constant  rate.  The  photographs  also  show  that  the  shear  layers 
merge  near  x/HcraA=  11.9,  indicating  the  end  of  the  unmixed  primary  core.  The 

(6)  The  Schlieren  photographs  for  the  underexpanded  flow  cases  show  Prandtl-Meyer 
expansions  at  the  nozzle  exit.  These  expansion  waves  are  reflected  from  the  shear 
layer  as  compression  waves,  forming  a shock-cell  structure  and  causing  the  primary 
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core  lo  expand  and  contract  repeatedly.  The  shear  layers  in  these  flow  cases  have  a 
wavy  or  zigzag  shape,  as  they  adapt  to  the  expansion  and  contraction  of  the  core. 

(7)  The  Schlieten  photographs  show  that  the  waves  discussed  in  (4)  and  (6)  penetrate  the 
shear  layer  with  each  reflection  and  gradually  dissipate  in  the  strcamwisc  direction. 

(8)  The  Mach  number  of  the  fully  expanded  primary  core  was  computed  for  all  cases 
using  (a)  inviscid  flow  predictions,  (b)  Mach  angles  measured  from  the  Schlieren 
images,  and  (c)  pitot-pressures,  side-wall  pressures  and  iscntropic  relations.  All  the 
results  arc  in  excellent  agreement  up  to  case  9.  The  results  from  (b)  and  (c)  are  in 
close  agreement  in  all  cases. 

(9)  The  side-wall  pressure  distributions  show  clearly  the  development  of  the  flow  field 
and  the  effect  of  underexpansion.  The  centerline  pressure  varies  in  a quasi-periodic 
pattern  which  reflects  the  wave  structure  in  the  supersonic  core.  In  the  baseline  case 

length  of  the  mixing  tube.  The  centerline  pressure  gradually  stabilizes  as  the  waves 
in  the  core  dissipate.  At  the  mixing-tube  exit,  the  centerline  pressure  is 
approximately  equal  to  the  off-center  pressures  in  all  cases.  The  waves  also  result 

(10)  Outside  the  supersonic  core,  static  pressure  also  varies  in  the  transverse  direction  as 

underexpanded  flow  cases,  inside  of  near  the  shear  layers.  First  order  estimates 
indicate  that  the  static  pressure  near  the  shear-layer  outer  edges  can  differ  from  the 


9%.  The 
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significant  near  Ihc  sonic  lines.  However.  Iransverse  sialic-pressure  gradients  are 
always  small  in  comparison  lo  those  observed  for  pitot  pressure. 

(11)  The  various  measurements  and  calculations  are  in  support  of  the  assumption  that 
static  pressure  is  approximately  constant  in  the  spanwise  direction,  in  all  flow  cases 
and  irrespective  of  streamwise  position. 

x / Henoffle  = IS  in  all  cases.  Further,  the  results  show  that  one  shear  layer  reaches 
the  wall  first,  uipping  the  flow  field  and  causing  it  to  lean  to  that  side  of  the  mixing 

(13)  The  shear  layers  in  the  baseline  case  exhibit  self-similarity  as  early  as 
x^He»onie=  1-5*.  The  similarity  profile  is  still  preserved  at  x/H,^*  = 20  (where 
Mj  = 1 .4).  well  beyond  the  end  of  the  primary  core  and  the  point  where  the  shear 
layers  seem  to  reach  the  wall. 

( 14)  The  average  near-field,  shear-layer  growth  rale  for  the  baseline  case  is  fij,,  = 0.094. 
This  result  is  13%  higher  than  the  predicted  value  for  a planar,  two-stream. 

conditions.  The  difference  is  attributed  to  the  waves  mentioned  in  (4)  and  also  to  the 

Nevertheless,  the  results  are  in  good  agreement  with  those  reported  for  similar 
ejector  shear  layers  and  constant-pressure  mixing  layer. 

(15)  In  the  baseline  case,  the  shear-layer  outer-edge  definition  (i.e.  the  edge  adjacent  to 
the  secondary)  based  only  on  the  secondary  free-stream  pressure  provides  excellent 
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agreement  with  the  traditional  shear-layer  definition.  Therefore,  the  streamwise 
development  of  the  plume  is  a suitable  measure  of  shear-layer  growth. 

(16)  The  growth  rate  of  the  plume  in  the  near-field  is  0)^  = 0. 1 2 for  the  baseline  case.  By 
comparing  this  result  with  the  growth  rate  given  in  ( 14)  it  can  be  concluded  that  the 
shear  layers  arc  skewed  in  the  outward  direction. 

(17)  In  the  undcrexpandcd  flows,  the  plume  reflects  clearly  the  shock-cell  structure  of  the 
primary  core  and  the  wavy  shape  of  the  shear  layers.  At  high  primary  pressures  and 
short  streamwise  distances,  the  plume  is  considerably  wider  than  in  the  baseline  flow 

of  the  near  field,  the  net  spatial  growth  of  the  plume  appears  unaffected  by 
underexpansion,  in  agreement  with  (12). 

(18)  The  near-field  sonic  lines  resemble  the  plume  boundaries  in  all  cases.  In  the  baseline 
case  the  sonic  lines  are  nearly  straight,  while  in  the  underexpanded  flows  they  have 
a wavy  shape.  At  high  primary  pressures  the  sonic  lines  are  found  well  outside  the 
outer  edges  of  the  shear  layers  in  the  baseline  case. 

layers,  the  local  width  or  extent  of  the  supersonic  region  depends  on  the  frec-stream 
Mach  numbets. 

(20)  Row-generated  screech  was  detected  in  most  undcrexpanded  flows.  These  emissions 

a fundamental  frequency  or  first  harmonic  and  one  or  two  overtones  or  higher 
harmonics.  The  measured  screech  emissions  are  most  intense  in  the  near  field 
(2.01  s x / Hoonij 5 8.33),  and  the  acoustic  spectra  are  nearly  identical  on  both  sides 
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of  the  flow  field.  In  test  case  5 (for  which  P,,  / Pu  = 1.27,  P0 , / Pu  =■  7.3)  the 
fundamental  screech  frequency  - 3.0  kHz)  can  reach  up  to  153  db,  and  up  to  four 
higher  harmonics  were  identified  (both  highest  among  all  flow  cases).  In  genera) , the 
intensity  of  these  emissions  increases  with  primary  underexpansion  up  to  case  5.  The 
trend  is  reversed  as  the  primary  is  underexpanded  further.  The  fundamental  screech 
frequency  decreases  with  increasing  primary  underexpansion,  in  agreement  with 
results  reported  for  choked  jets. 

(21)  In  test  case  5,  the  average  static  pressure  and  velocity  at  the  mixing-tube  exit  are  in 
better  agreement  with  the  predicted  fully-mixed  conditions  (relative  to  the  other  flow 
cases).  The  main  streamwise  pressure  gradient  begins  earlier  in  the  mixing  tube, 
suggesting  that  the  development  of  the  mixed-flow  region  is  somewhat  accelerated 
in  this  flow  case.  The  relatively  low  exit-flow  skewness  computed  for  this  case  also 
supports  this  view.  The  effect  is  small  in  magnitude,  possibly  due  to  the  low 
entrainment  ratios  investigated,  yet  it  is  in  good  agreement  with  similar  results 
reported  for  different  geometry  and  flow  conditions  (Quinn.  1976). 

(22)  The  effects  summarized  in  (2 1 ) result  in  small  improvements  in  test  case  5 in  terms 
of  the  ejector  pressure  ratio  and  the  Stagnation  Momentum  Exchange  Effectiveness 


(23)  The  effect  of  primary  underexpansion  on  performance  is  small,  but  correlates  well 
with  the  flow-generated  screech  mentioned  in  (20).  Primary  undcrexpansion  and  the 
resulting  acoustic  interactions  are  likely  to  benefit  more  ejectors  with  higher 
entrainment  ratios,  which  normally  suffer  from  incomplete  mixing. 
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The  tests  conducted  lo  determine  the  extent  of  probe  intrusiveness  on  the  flow  field 

(24)  The  presence  of  the  traversing  probe  disrupts  primarily  the  flow  downstream  from 
the  probe.  The  probe  seems  to  have  only  a small  effect  on  the  mean  properties  of  the 
incoming  flow.  It  was  determined  that  the  probe  disturbs  the  incoming  flow 
primarily  when  it  is  installed  in  regions  where  the  core  flow  is  subsonic  (i.e. 
downstream  in  the  mixing  tube),  where  disturbances  can  propagate  upstream  more 
easily.  When  installed  at  short  distances,  the  probe  has  little  effect  on  the  mean 
properties.  This  conclusion  is  clearly  supported  by  Schlieren  images  obtained  with 
the  probe  in  the  flow  field.  The  acoustic  measurements  show  that  the  probe  can  have 
a more  significant  effect  on  the  turbulent  properties. 

6.2  Recommendations 

Several  areas  deserve  further  consideration.  Probably,  most  important  among  these 
is  the  cross  sectional  variation  of  flow  properties.  The  characterization  of  the  flow  field 
could  be  improved  by  making  additional  pitot-pressure  traverses  to  map  completely  each 
flow  cross  section  sampled.  Further,  it  would  be  very  useful  to  complement  pitot-pressure 
with  static-pressure  traverses.  The  additional  measurements  can  be  used  to  calculate  more 
accurately  the  average  exit  properties  and  the  ejector  performance.  In  the  underexpanded 
flows,  the  data  would  help  quantify  more  precisely  the  property  gradients  across  the 
supersonic  core  and  the  effect  of  streamline  curvature. 

of  the  test  section.  This  drawback  partly  explains  why  in  most  experimental  investigations 
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also  be  useful 


fluctuating-pressure  distributions  and  quantify  the  shear-layer  growth  rates  in  the 
underexpanded  (lows.  It  has  been  demonstrated  for  an  ideally  expanded  ejector  (Benjamin. 
1 994)  that  growth  rates  obtained  from  turbulent  wall  pressures  ate  in  good  agreement  with 
those  computed  from  pitot-pressure.  The  turbulent  pressure  distribution  across  the  shear 
layers  can  help  explain  the  early  development  exhibited  by  test  case  5.  Further,  turbulent 
wall  pressures  can  help  locate  the  inner  edge  of  the  shear  layers  in  the  underexpanded  flows, 
and  can  be  measured  without  disturbing  the  flow  field. 

The  implementation  of  other  nonintrusivc  techniques  such  as  LDV  or  Planar  Laser 
Induced  Fluorescence  would  also  be  desirable.  These  techniques  have  been  utilized 
extensively  in  studies  of  constant-pressure  mixing  layers. 

The  scope  of  this  investigation  can  be  expanded  to  include  higher  entrainment  ratios, 
ejectors  with  variable  mixing-tube  length,  dissimilar  primary  and  secondary  gases,  and 
different  primary  and  secondary  flow  conditions  (i.e.  M,  T„,  etc.).  The  database  could  be 
used  to  identify  the  flow  regimes  for  which  ejector  performance  benefits  most  from  primary 

lines,  as  suggested  in  Chapter  S. 

Lastly,  it  would  be  useful  to  investigate  means  by  which  to  enhance  screech,  and 
determine  the  effect  of  the  augmented  emissions  on  ejector  performance. 


APPENDIX  A 

INSTRUMENTATION  SPECIFICATIONS  AND  MEASUREMENT  ERRORS 
A.l  Instrumentation  Specifications 


P0, 

transducer  (Omega  PXI8IG-5V) 
0-413  kPa  (gage) 
linearity  (BSFL)  ±0.25%  span 
repeatability  & hysterisis  ±0.05%  span 


* 0.2i  • P0,!l> 

transducer  (Micro  Switch  140PC) 
±101.4  kPa  (differential.  203  kPa  total) 
linearity  ±0.75%  FSO 
repeatability  ±15%  FSO 


(3) 


instrument  (make/model): 


transducer  (Micro  Switch  I40PC) 
±101.4  kPa  (differential,  203  kPa  total) 
linearity  ±0.75%  FSO 
repeatability  ±15%  FSO 


(4)  total-flow  orifice  upstream  static  pressure 


CqI.ic* 

transducer  (Omega  PX24IG-5V) 

2070  kPa  (gage) 

linearity  (BSFL)  ±0.25%  span 

repeatability  & hysterisis  ±0.05%  span 


(5)  total-flow  orifice  dow 


(make/model):  transducer  (Validyne  DBIS) 

0- 69.0  kPa  (differential) 
±0.25%  span 
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ndary-flow  orifice  upstream  set 

instrument  (make/model): 
range: 
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latic  pressure 
PoU 

transducer  ( Validyne  DB 1 5) 
0-  103  kPa  (differential) 
±0.25%  span 


instrument  (make/model): 


static  pressure 

P„jj 

transducer  (Validyne  DB  15) 
0 - 69.0  kPa  (differential) 
±0.25%  span 


instrument  (make/modcl): 

range: 

accuracy: 


transducer  (Validyne  DB15) 
0-414  kPa  (differential) 
±0.25%  span 


: side-wall  pressure  at  probe  st 
r<y  = 0).  and  lower  taps  (y  = - 

instrument  (make/model): 


:(y  = +19.69  mm). 


transducer  (Micro  Switch  140PC) 
±101.4  kPa  (differential,  203  kPa  total) 
linearity  ±0.75%  FSO 
repeatability  ±15%  FSO 


(Merian  Instrument  Co.,  model  33M1335) 


iHg 

acy  ±5  mm  Hg 


ary  and  secondary  plenum  temperatures 
designation:  T0I , T0il 

instrument  (make/modcl):  type  T copper-constantan  thermocouple 

Omega  (exposed  junction  of  1 .59  mm  dia.) 
range:  N/A 

accuracy:  given  ±0.25  °C 

estimated  effective  accuracy  ±1 ,5°C 
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(2) 


mercury  in  glass  thermometer  (Fisher  Scientific) 
50-  I00°F(10-38°C) 
given  ±0.25°F  (±0.1  °C) 


spectral  sound  pressure  level 

instrument  (make/model): 


frequency: 


microphone  (Kulite  MIC-062-LT) 
100-  190  dba 

nearly  flat  response  to  50  kHz 
- 129.12  db  at  lrrbar 
±0.5  db/lOOT 

Fourier  analyzer  (Tektronix  2642) 

±0.01% 


A.2  Measurement  Errors 

Several  months  of  testing  were  required  to  collect  all  the  necessary  data.  As  a result 
the  calibration  of  the  pressure  transducers  was  checked  several  times  to  ensure  that  their 
accuracy  was  preserved.  Further,  the  zero-output  reading  of  each  transducer  was  measured 
before  each  series  of  tests  and  the  calibration  was  adjusted  as  necessary.  Similarly,  because 
the  ambient  pressure  was  used  to  compute  absolute  pressure  levels,  this  pressure  was 
monitored  several  times  during  each  day  of  testing.  The  gains  and  outputs  of  the  multiplexer 
boards  were  also  checked  periodically,  and  adjustments  were  made  when  necessary.  The 
uncertainties  of  various  computed  quantities  (e.g.  Mach,  mass  flow  rate,  etc.)  which  result 


. there  are  other  possible  sources  of  error  which  could  have  affected 


the  instrumentation  was  used,  or  a combination  of  these  factors.  However,  the  errors  arc 
believed  to  be  small  and  of  little  importance  to  the  objectives  of  this  investigation. 

A, 2, 1 Flow  Conditions  and  Mass  Flow  Rates 

Among  the  sources  of  error  that  can  be  identified  was  the  resetting  of  the  flow 
conditions  required  to  collect  all  the  data  (as  discussed  in  Section  4.1).  This  was  particularly 
true  insofar  as  the  secondary  flow  and  the  inlet  mixing-tube  static  pressure  is  concerned.  The 
secondary  flow  was  always  unchokcd  and  its  adjustment,  together  with  the  adjustment  of  the 
inlet  static  pressure,  was  done  simultaneously  by  trial  and  error. 

Errors  in  the  secondary  flow  conditions  were  also  introduced  as  a result  of  the 
hardware  changes  required  by  the  test  procedure  (probe  position,  side-wall  position,  etc). 
This  is  also  true  for  the  primary  flow  rate,  although  to  a much  lesser  extent.  As  explained 
in  Section  4. 1 .2.  the  hardware  changes  may  have  resulted  in  small  changes  in  the  distribution 
of  the  quality  of  the  wetted  surface  and/or  the  cross  section  of  the  mixing  tube,  which  in  turn 
sometimes  affected  the  pressure  distribution  in  the  mixing  tube.  The  variation  in  pressure 
distribution  was  small  yet  inevitable,  and  its  effect  was  felt  primarily  by  the  secondary  Mach 
number  (for  reasons  discussed  in  Section  5.2).  Therefore,  rather  than  collecting  data  for  a 
flow  with  considerably  different  secondary  flow  velocity,  it  was  decided  to  vary  the 
secondary  flow  rate  when  necessary  to  maintain  the  nominal  inlet  static  pressure  and 
secondary  flow  velocities.  Thus,  the  secondary  flow  was  slightly  different  from  the  nominal 

Another  possible  source  of  error  is  the  use  of  the  total  primary  and  secondary 
temperatures,  measured  at  the  respective  plenums,  for  the  orifice  plate  calculations.  This 
procedure  was  followed  after  assuming  constant  air  temperature  between  the  orifice  plates 
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temperature,  (b)  the  velocities  in  the  supply  lines  leading  from  the  orifice  plates  to  the 
plenums  arc  relatively  low,  (c)  these  supply  lines  are  relatively  short,  and  (d)  the  duration  of 
the  test  tuns  is  only  a few  seconds.  Therefore,  error  is  believed  to  be  small,  particularly  since 
the  mass  flow  rale  depends  on  temperature  as  T^1” 

A-2,2  Pitot  Pressures 

response  of  the  probe.  During  the  early  stages  of  the  probe  design,  numerous  attempts  were 
made  at  determining  the  ability  of  the  probe  to  accurately  detect  transients  (such  as  those 
encountered  by  the  probe  when  it  traverses  across  the  shear  layer).  The  result  of  these  efforts 
showed  that  the  response  of  the  probe/transducer  configuration  must  be  similar  to  that  of  the 
transducer  alone  (i.e  - 1 ms).  The  time  traveled  by  the  probe  during  that  time  is  0.0261  mm, 
approximately,  which  is  slightly  more  than  the  position  resolution  of  the  probe  (0.0254  mm). 
Thus  the  measured  pitot  pressure  is  expected  to  lag  somewhat  the  actual  pitot  pressure. 

Another  source  of  error  inherent  to  pitot-pressure  measurement  in  supersonic  flow 
are  the  losses  experienced  across  the  shock  which  forms  in  front  of  the  probe.  While  small, 
these  losses  are  evident  from  results  presented  in  Table  4.5.  Thus,  in  these  flow  regions  the 
pitot  pressures  in  general  are  slightly  lower  than  those  predicted  for  the  ideal  case,  which 
results  in  Mach  numbers  that  are  lower  than  those  computed  from  Mach  angle. 

A.2.3  Side- Wall  Pressures 


The  procedu 


side-wall  pressure  (Sections  3.5. 1 and  3.5.3)  made 
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the  manometer  columns  lhal  persisted  even  after  allowing  for  a relatively  long  settling  time. 
This  oscillation  was  the  result  of  the  initial  sudden  change  in  test-section  pressure. 

While  the  oscillation  of  the  mercury  columns  never  decayed  completely,  all  the 
columns  appeared  to  oscillate  approximately  in  phase  after  the  initial  settling  time 
Therefore,  it  was  assumed  that  the  pressure  in  each  column  had  reached  a steady-stale 
condition  representative  of  the  pressure  field  in  the  test  section.  The  readings  obtained  from 
two  photographs  of  the  manometer  (obtained  in  separate  runs  as  explained  in  Section  3.3.3) 
were  always  very  similar  (almost  always  within  1 .7  kPa  and  in  most  cases  within  0.68  kPa) 

due  to  the  unsteadiness  of  the  manometer  columns  are  relatively  small.  Further,  because  the 
readings  obtained  from  the  two  photographs  were  always  very  similar,  a mean  side-wall 
pressure  was  obtained.  Benjamin  ( 1994)  obtained  mean  measurements  of  side-wall  pressure 
using  readings  from  4 and  5 photographs  taken  during  the  same  run.  His  results 
additional  support  for  the  above  assumption  and  approach  used  here. 


APPENDIX  B 

SUMMARY  OF  TEST  MEASUREMENTS 


Table  B.  I Pilot-pressure  traverses  made  with  long  brass  walls  installed  upstream. 
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Table  B.2  Pitot-pressure  traverses  made  with  long  brass  walls  installed  downstream. 
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APPENDIX  C 

EQUATIONS  AND  CALCULATIONS 


C.  I Manometer  Side-Wall  Pressure  Calculations 

P,  *P«,-  (C.I) 

P„r  - reference  pressure  (kPa) 

h„,  - height  of  reference  manometer  column  (in  of  Hg) 

h,  - height  of  manometer  column  (in  of  Hg)  corresponding  to  P, 
c,  = 3.3854  (kPa/in  Hg) 

Corrections  for  temperature  variation  were  too  small  to  have  any  effect  on  the  results. 


C.2  Mass  Flow  Calculations 
The  mass  flow  rate,  m.  was  computed  from  orifice  plai 
expression  (Holman.  1978): 


Cdy Ao2  | 2P„2M„(P„i  ' Po2) 


(C.2a) 
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Mw  - molecular  weigh!  (for  air  28.97) 

R„  - universal  gas  constant  (8314  J/kgmol-K) 

P - diameter  ratio  (d^  I d0, ) 
d0,  - pipe  diameter  (49.2  mm) 
d„2-  orifice  diameter  (25.4  mm) 

A0;  - orifice  area  < Tcdo22/4) 

Y - expansion  factor 

Cd  - orifice  discharge  coefficient 

For  a sharp-edge  orifice  plate  with  flange  laps,  the  expansion  factor  is  given  by  (Holman. 

1978): 


where  y is  the  specific  heat  ratio  (for  air  1.4).  The  discharge  coefficient  for  a sharp-edge 
orifice  is  given  by  the  expression  (While,  1994): 


F,  = 0.4333  (for  flange  taps  where  5.08  cm  s d„,  s 5.84  cm) 

F;  = I /d0,  (for  flange  taps;  d0,  in  inches) 

Rcd  - Reynolds  number  based  on  the  pipe  diameter  dol 
The  above  formulation  required  an  iterative  solution,  using  Cd  = I as  initial  guess.  From  the 
resulting  mass  flow  rate  a value  for  Red  was  obtained,  and  a new  Cd,  and  the  calculations 
were  repeated  until  convergence  occurred. 


<C2b) 


Cd  = y(P)  . 91.71  P“Re^a”  • * 0.0337 P3F2 

where  y(p)  = 0.5959  * 0.03 1 2 p21  - 0.184P* 


(C.2c) 


(C2e) 
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The  mass  flow  rale  was  also  computed  using  ideal,  isenlropic  relations  and  the 
pressure  measurements  from  the  plenums.  Here,  it  was  assumed  that  the  primary  and 
secondary  flows  in  the  settling  chambers  and  across  the  exits  are  approximately  uniform 
(one-dimensional).  The  isenlropic  mass  flow  equation  is: 


palp 

\l  R..T„  ' 


(C.3) 


where  M - primary  or  secondary  exit  Mach  number 
P0  - primary  or  secondary  total  pressure 
T0  - primary  or  secondary  total  temperature 

A,  - primary  or  secondary  exit  area  (Ac  = Ht  - W(,  We  = 25.4  mm,  primary 
Ht  = 12.65  mm.  each  secondary  Hc  = 19.05  mm) 

The  Mach  number  can  be  eliminated  from  Equation  C.4  with  the  aid  of  the  isentropic  relation 
(Equation  4.1): 

jH1  <C4> 

where  P,  is  the  primary  or  secondary  exit  (static)  pressure.  The  resulting  expression  is: 


The  uncertainty  of  the  mass  flow  rate  was  obtained  using  propagation  of  uncertainties.  The 
dominant  uncertainties  in  Equation  C.6  are  those  for  P0  and  P,.  Hence,  it  can  be  shown  that 


the  mass  flow  uncertainty,  wm.  is  given  by: 
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rp  = P„/P, 


C3  = (Y-1)/Y 
c4  = (Y+l)/<2y) 
w-  - uncertainty  of  P„ 

Wp  - uncertainty  of  Ps 

Equation  C.5  was  also  used  for  the  area-integral  calculations  at  the  mixing  tube  exit 
(Section  C.5).  The  calculation  in  this  case  involved  a finite  area  element.  AA.  and  the 
pressures  used  where  P„(y.x).  and  P,(y).  The  mass  total  mass  flow  was  obtained  from  the 
summation  overall  area  elements: 

">  = j = 1.  -373.  k = I...  101  (C.7) 

C.3  Mach  Number  Calculations 

The  primary  and  secondary  exit  Mach  numbers  where  computed  by  assuming 
one-dimensional  isentropic  flow,  and  using  the  isentropic  relation,  Equation  4.1  (also  C.4). 
The  Mach  number  uncertainty  was  obtained  using  propagation  of  uncertainties,  and  is  given 
by: 

w -£_£l 


where  c5  = (y  - I)  / 2,  and  rp  is  defined  in  the  previous  section. 
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In  other  regions  of  the  flow  field,  the  Mach  number  is  computed  from  measurements 
of  pitot  pressure  and  side-wall  pressure  as  described  in  Section  4.3. 1 . Equation  4. 1 is  used 
for  cases  where  P^/P,  s 1 .8929,  in  which  case  P0  = P^,.  Otherwise,  the  Rayleigh  formula 
(Equation  4.3): 


is  solved  by  iteration.  In  this  case  it  can  be  shown  that,  by  applying  the  chain  rule  to 
Equation  C.9,  propagation  of  uncertainty  analysis  gives: 


where  M is  the  Mach  number  obtained  from  Equation  C.9,  and  the  constants  c3  and  Cj  arc 
defined  earlier. 

In  either  case,  it  is  assumed  that  the  flow  static  pressure  is  approximately  constant  in 
the  spanwise  direction  (i.e.  P,  * f(z))  and.  hence,  approximately  equal  to  the  corresponding 
side-wall  pressure. 


C.4  Predicted  Exit  Flow  Properties 

The  ideal  and  actual  ejector  performances  were  calculated  using  a quasi 
one-dimensional  control  volume  approach  for  the  momentum,  continuity  and  energy 
equations.  Similar  formulations  have  been  used  by  many  (Addy  et.  al,  1981:  Quinn,  1976; 
for  example),  and  is  presented  here  for  reference.  The  formulation  is  developed  for  the 
specific  case  where  the  same  gas  is  used  for  the  primary  and  secondary,  and  for  an  ejector 
having  a constant-area  mixing  tube.  After  the  formulation  is  presented,  the  working 
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equations  are  simplified  further  for  the  case  where  the  primary  and  secondary  have  the  same 

Several  assumptions  were  used  in  solving  the  governing  equations,  which  include: 

(1)  steady  flow, 

(2)  uniform  and  parallel  primary  and  secondary  exit  flows, 

(3)  the  air  used  for  the  primary  and  secondary  behaves  as  a thermally  and 
calorically  perfect  gas  (i.e.  perfect  gas  with  constant  properties), 

(4)  adiabatic  flow. 

(5)  negligible  body  forces. 

(6)  negligible  changes  in  potential  energy, 

(7)  no  shaft  or  shear  work  in  the  mixing  tube,  and 

(8)  isentropic  primary  and  secondary  flows  up  to  their  respective  exit  planes. 

In  the  analysis  presented  below  the  stations  corresponding  to  the  primary  and  secondary  exit 
planes  (x„  in  figure  2.1)  are  denoted  by  1 and  2,  respectively.  The  mixing  tube  exit  plane 
(x4  in  figure  2. 1 ) is  denoted  as  station  3.  The  first  assumption  leads  to  the  steady-state  form 
of  the  governing  equations: 


In  addition  to  these  governing  equations,  the  following  equations  of  stale  are  available 


(C.llb) 


(C.lla) 


(C.  11c) 


ideal 


(C.I2) 
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isentropic:  P « p*  (C.13) 

The  steady-state  energy  equation  for  any  perfect  gas  obtained  using  assumption  (3)  is 
h - h.v’ 

ho-*1*—  (C.I4) 

which,  for  an  ideal  gas  (i.e.  h = cpT),  also  takes  the  form 


In  this  equation,  the  Mach  number  (for  a perfect  gas)  is  given  by 


M = - 


(C.I6) 


,/yR.T/M. 

Using  assumption  (2)  continuity  becomes 

Pi  V,  A,  * PjVjA,  = J pV-dA  (C.I7) 

which  in  terms  of  the  mass  flow  rates  can  also  be  expressed  as 

til,  * tit,  = m,  (C.I8) 

By  introducing  the  Equations  C.12.  C.I5  and  C.16.  the  mass  flow  rate  can  be  expressed  as 

*,  * P,VA  = (i  = 1.2.3)  (C.19) 

where  the  function  f|<Y|.M,).  known  as  the  flow  function,  is  defined  as 

f|<Y.M()  = M,J^)  (C,20) 

After  introducing  assumption  (2),  the  x-momentum  equation  becomes 

P,A,  * P,  A,  V,2  ♦ PjAj  * PjAjVj2  = F,  * J PdA  * Jv, pV-dA  (C.21) 


*.*>«,  * ■ I ph0V'dA 


P,A,  * p,A,V,:  - PjAj  . p2A2V;  - F,  * P,A,  . O^V/a, 


(■  * 'Mf)  * • “•-ml 


(C.33) 


n ideal  gas  the  energy  equation  (Equation  C.22)  can  be  wrinen  in  the  forr 

V,,. 
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Fj(Y,M,,5,.a,) 


Mf3(Y.M;)  ♦ f,(Y,M,) 


(C.40) 


(C.41) 


(C.42) 


Equation  C.40  is  a biquadratic  which  can  be  solved  for  the  average  Mach  number  at  the 
mixing  tube  exit.  The  result  is 


The  solution  represents  the  behavior  for  an  ejector  in  which  the  exit  flow  has  a given 

skewness.  The  calculations  are  as  follows. 

( 1 ) The  constants  a,,  Oj,  and  a,  are  computed  from  Equations  C.23c,  C.23d,  and  C.23e, 
respectively,  using  the  semi-empirical  model  for  the  exit  velocity  distribution 
(cti  = 02 s a3  a 1 for  hilly  mixed,  uniform  flow). 

(2)  The  value  of  is  obtained  from  Equations  C.27  and  C.29,  using  an  appropriate  value 
for  the  skin-friction  coefficient,  C,  (the  special  case  of  no  wall  friction  corresponds 
to5(  = C,  = 0). 

(3)  The  functions  f,  and  f3  (Equations  C.20  and  C.42)  are  evaluated  at  stations  I and  2, 
and  arc  used  to  compute  the  value  of  the  function  F3  from  Equation  C.4 1 . 

(4)  The  average  exit  Mach  number,  Ms.  is  computed  from  Equation  C.43,  which  in  turn 
is  used  to  evaluate  the  function  f,  at  station  3. 


-(F3,-2(C,*«j))± 


(C.43) 


£ ?' 


variables:  T„,  P0  j l . and  Pti  , found  from 

imerpolalion  of  side-wall  pressure 

Equations:  BSESSS-ASiu,, 


CiT&i.  C.4, 

sSc 

k and  a found 


^saSSSL. 

Equ.iio.:  S^ST’1  ‘ " 

variables:  T0,Ptt,  „andP,.  tfoundfrom 

interpolalion  of  side-wall  pressure 

Equations:  c.5  “^Ttj^s^'ndmg  areaei^m.  AA,  „ 


"s  of  now  for  ““  el 
,k=l,..50andk  = 52...  101. 


04) 


(22)  average  velocity 

(23)  average  total  pressure 
Ptt, 

(24)  average  temperature 

f3 

(25)  average  density 
Pj 

(26)  average  static  pressure 


260 

variables:  ujik , (j  = I...  373,  k = l„.  101) 

Equations:  C.23a  (Section  C.4) 

variables:  Pajk . (j  = 1...  373,  k = 1...  101) 

Equations:  C.23b  (Section  C.4) 

variables:  TJk , (j  = 1„.  373,  k = 1„.  101) 

Equations:  C.23b  (Section  C.4) 


variables:  Pj.k , (j  = 1...  373,  k = 1...  101) 

Equations:  C.23b  (Section  C.4) 

variables:  P^(  k found  from  interpolation  of  side-wall 

pressurc(i.e.  assuming  P,,  k = P, , k=l0|). 
(j  = I...  373,  k=  I...  101) 

Equations:  C.23b  (Section  C.4) 
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Z/Wn 


Figure  C.  1 Span  wise  velocity  distributions  assumed  at  the  mixing-tube  exit. 


z/W 


Figure  C.2  Approximate  spanwise  velocity  distribution  in  the  near  field  for  test  i 
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